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ABSTRACT

Diabetes poses a significant risk to bone health, with Type 1 diabetes (T1D) having a more detrimental impact than Type 2 diabetes
(T2D). The group of hormones known as incretins, which includes gastric inhibitory peptide (GIP) and glucagon-like peptide 1 (GLP-1),
play a role in regulating bowel function and insulin secretion during feeding. GLP-1 receptor agonists (GLP-1 RAs) are emerging as the
primary treatment choice in T2D, particularly when atherosclerotic cardiovascular disease is present. Dipeptidyl peptidase 4 inhibitors
(DPP-4is), although less potent than GLP-1 RAs, can also be used. Additionally, GLP-1 RAs, either alone or in combination with GIP,
may be employed to address overweight and obesity. Since feeding influences bone turnover, a relationship has been established
between incretins and bone health. To explore this relationship, we conducted a systematic literature review following the PRISMA
guidelines. While some studies on cells and animals have suggested positive effects of incretins on bone cells, turnover, and bone
density, human studies have yielded either no or limited and conflicting results regarding their impact on bone mineral density
(BMD) and fracture risk. The effect on fracture risk may vary depending on the choice of comparison drug and the duration of
follow-up, which was often limited in several studies. Nevertheless, GLP-1 RAs may hold promise for people with T2D who have mul-
tiple fracture risk factors and poor metabolic control. Furthermore, a potential new area of interest is the use of GLP-1 RAs in fracture
prevention among overweight and obese people. Based on this systematic review, existing evidence remains insufficient to support a
positive or a superior effect on bone health to reduce fracture risk in people with T2D. © 2023 The Authors. JBMR Plus published by
Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research.
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related issues

Introduction local inhibitory effects on gastric acid secretion. Moreover,

GIP stimulates insulin secretion in a glucose-dependent man-
U]

Understanding the incretin system: implications for bone
health

To comprehensively assess the impact of incretin therapy on
bone health, it is crucial to grasp the functioning of incretins
and their effects on the skeleton.

The incretins are a group of hormones released by the gastro-
intestinal tract in response to nutrient intake. Their primary role is
to regulate insulin release in response to feeding, thereby mod-
ulating blood glucose levels.

The incretins comprise

1. Glucose-dependent insulinotropic polypeptide, formerly
known as gastric inhibitory peptide (GIP): GIP is secreted by
the enteroendocrine K cells in the small intestine and has

ner, contributing to the lowering of blood glucose.

2. Glucagon-like peptide 1 (GLP-1) is secreted by the enteroen-
docrine L cells in the small and large intestines and is rapidly
degraded by dipeptidyl peptidase 4 (DPP-4). GLP-1 stimulates
insulin secretion in a glucose-dependent manner and inhibits
gastric emptying.*”

Despite belonging to the glucagon superfamily, GLP hor-
mones suppress endogenous glucagon secretion, further con-
tributing to the glucose-lowering effect.®)

Diabetes is associated with compromised bone health,
although recent studies have shown improvements in fracture
risk.* The interplay between blood glucose, insulin, feeding,
and bone health is complex.©

In general, eating suppresses bone resorption markers, espe-
cially C-terminal telopeptide of collagen (CTX), although the
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effect on other bone markers such as tartrate-resistant acid phos-
phatase type 5b (TRACP 5b) is smaller.”~® A somewhat smaller
effect of feeding is observed on formative markers, among
others procollagen | N terminal propeptide (P1NP). The effect
of feeding on bone turnover markers can be negated by the
somatostatin analogue octreotide.'”

In healthy control people, an oral glucose tolerance test
(OGTT) suppresses CTX by approximately 50% compared to fast-
ing levels. However, intravenous infusion of glucose keeping the
same glucose levels as during the OGTT (isoglycemic intrave-
nous glucose infusion [lIGI]) only marginally suppressed CTX
(slightlymore than 30%) compared to the fasting state
(a decline of around 30%). For P1NP no difference was present
between lIGl and the fasting state, whereas the OGTT decreased
PINP by around 5%."" GLP-1 levels were similar during fasting
and the IGll, whereas they—along with GIP—increased during
the OGTT compared to the IGIl and fasting."" As a significant
correlation was present between GIP and nadir CTX, these obser-
vations demonstrate an effect of incretins on bone turnover. GIP
was higher during the lIGI than during fasting and lower during
the OGTT.""Y As mentioned earlier, octreotide, which inhibits
incretins, negates the effects of the OGTT on bone turnover
markers."” A mixed meal test suppresses CTX by more than that
observed during the OGTT.”) The suppression of PINP is
inversely dependent on insulin resistance, though this does not
seem to be the case for CTX. Likewise, fasting PTNP seems to
be inversely dependent on insulin resistance.”)

Moreover, weight loss is a keystone in the prevention and
treatment of Type 2 diabetes (T2D)."® However, weight loss is
associated with bone loss measured by a decrease in bone min-
eral content (BMC) and bone mineral density (BMD) that is most
likely a consequence of imbalances between bone resorption
and formation."" In people with T2D, a modest (and recom-
mended) weight loss of approximately 7% over 1 year is found
associated with a significant loss of bone mass that persists even
if weight is maintained for the next 3 years.’® The loss of bone
loss might also result in a further increased risk of fractures in
these patients.'” The use of GLP-1 RAs as treatment for T2D
has emerged and shows beneficial aspects in both glycemic con-
trols, as a weight loss facilitator, and in the prevention of other
diabetes-related comorbidities. Thus, it seems reasonable to
investigate the potential impact on bone metabolism in people
with T2D.

Collectively, incretin receptors are widely expressed, suggest-
ing effects of incretin beyond the regulation of glucose homeo-
stasis. Associations between incretin hormones and bone
metabolism have emerged and opened up an interesting possi-
bility of the interplay between feeding, obesity, T2D, and bone
health. Frequent and excessive feeding may lead to prolonged
suppression of bone turnover and increased insulin resistance.
Likewise, significant weight loss might also induce a concomi-
tant loss of bone mass. Consequently, incretin therapy may have
the potential to impact bone health.

Incretin therapy

In clinical practice, incretin therapy primarily involves the use of
GLP-1 RAs or DPP-4is, commonly known as gliptins. There are
several GLP-1 RAs available, each with varying degrees of similar-
ity to native GLP-1 and different potencies for reducing HbA1c
levels. Likewise, there are multiple DPP-4is available on the mar-
ket. Generally, DPP-4is have a less potent glucose-lowering effect
compared to GLP-1 RAs. However, unlike GLP-1 RAs, which are

typically administered via subcutaneous injections, DPP-4is can
be taken orally.

GLP-1 RAs may be employed for the treatment of T2D, partic-
ularly in people with severe insulin resistance (SIRD) often associ-
ated with significant overweight."® Notably, GLP-1 RAs have
also received therapeutic approval for managing obesity in the
absence of diabetes." They can be used as monotherapy for
weight management or in combination with GIP or amylin.?°~2?
) Currently, the following GLP1-RAs are approved by the US Food
and Drug Administration and the European Medicines Agency
for the treatment of T2D: dulaglutide, exenatide, liraglutide, lixi-
senatide, and semaglutide. Approved DPP-4is are sitagliptin, sax-
agliptin, linagliptin, and alogliptin.*® Vildagliptin is only EMA
approved. Tirzepatide is the first approved GIP and GLP1-RA
combination therapy for T2D. Only liraglutide and semaglutide
are approved for treatment of obesity without existing diabetes.

Diabetes and bone health

Type 1 diabetes (T1D) and T2D are associated with impaired
bone health; in particular, a discrepancy between BMD and frac-
ture risk has been reported.” In general, people with T1D are
more severely affected by lower BMD and higher fracture risk
than people with T2D.®) In people with T2D, only some fracture
types may be increased, whereas others may be lower than in
the general population, perhaps due to a protective effect of
being overweight.**

Incretins are mainly used to treat people with T2D and were
recently upgraded from second-line therapy in addition to or
substituting metformin to a more prominent role in case of
intended weight loss or presence of atherosclerotic cardiovascu-
lar disease.” Incretins have also been used in T1D, although to a
much lesser degree, and are not standard of care at present.

It is important to acknowledge that T2D encompasses various
subtypes, ranging from the classic phenotype characterized by
severe insulin resistance often associated with significant over-
weight and multiple diabetes-related complications to milder
forms such as obesity-related (MOD) or age-related (MARD) sub-
types, as well as severe insulin-deficient subtypes (SIDD)."'®
These different T2D phenotypes can have implications for bone
health, considering that body weight itself is linked to fracture
risk and BMD, as mentioned earlier. Therefore, when evaluating
the choice of drug and comparator drugs, such as GLP-1 RAs or
DPP-4is, these factors should be taken into consideration.®

Effects of Incretins on Bone Health

Methods
Literature survey

A systematic search was conducted on PubMed using specific
free-text search terms to gather available literature. The informa-
tion base was updated with a cut-off date of July 21, 2023. The
three primary concepts were: fractures, bone turnover, and bone
structure for GLP-1 RAs and DPP-4is. The three concepts were
searched in isolation and then merged through the AND term
with GLP-1RA and DPP-4i. The study types were organized into
studies conducted on humans, animal studies, and cell studies.
The screening process was carried out by the three coauthors
(PV, NR, and RV), irrespective of language.

M 20of 26 VIGGERS ET AL.

JBMR Plus (WOA)



Search strategy

For GLP-1 we initially used the search string “(fracture OR frac-
tures) AND (‘GLP-1 receptor agonist’ OR ‘GLP-1 receptor ago-
nists’ OR ‘glucagon-like peptide 1 receptor agonist’ OR
‘glucagon-like peptide 1 receptor agonists’),” which yielded
62 results. Then, secondly, the terms “(‘bone turnover’ OR ‘bone
resorption’ OR ‘bone formation’) AND (‘GLP-1 receptor agonist’
OR ‘GLP-1 receptor agonists’ OR ‘glucagon-like peptide 1 recep-
tor agonist’” OR ‘glucagon-like peptide 1 receptor agonists’)”
were used, which yielded 38 hits. Third, “(‘bone structure’ OR
‘bone microstructure’ OR ‘bone mineral density’ OR ‘BMD’ OR
‘bone mineral content” OR ‘bone strength’ OR ‘microindenta-
tion’) AND (‘GLP-1 receptor agonist’ OR ‘GLP-1 receptor ago-
nists’ OR ‘glucagon-like peptide 1 receptor agonist” OR
‘glucagon-like peptide 1 receptor agonists’)” yielded 26 results.

A similar search strategy was conducted for “DPP-4is.” The
first one on fractures yielded 68 results, including “(‘fracture’
OR ‘fractures’) AND (‘DPP-4-inhibitor’ OR ‘DPP-4-inhibitors’
OR ‘dipeptidyl peptidase-4 inhibitor’ OR ‘dipeptidyl
peptidase-4 inhibitors’).” Secondly, bone turnover yielded
18 results using the terms “(‘bone turnover’ OR ‘bone resorp-
tion’ OR ‘bone formation’) AND (‘DPP-4-inhibitor’ OR ‘DPP-
4-inhibitors’ OR ‘dipeptidyl peptidase-4 inhibitor’ OR ‘dipep-
tidyl peptidase-4 inhibitors’). Only one human study was
available. Third was bone structure: “(‘bone structure’ OR
‘bone microstructure’ OR ‘bone mineral density” OR ‘BMD’
OR ‘bone mineral content” OR ‘bone strength’ OR ‘microinden-
tation’) AND (‘DPP-4-inhibitor’ OR ‘dipeptidyl peptidase-4 inhibi-
tor OR ‘dipeptidyl peptidase-4 inhibitors’),” which yielded
17 results.

Inclusion and exclusion

See Figure 1A,B (PRISMA flow) for flow of inclusion and
exclusion of studies. Systematic reviews and meta-analyses were
given priority. If original studies were not included in the
meta-analyses, either due to oversight or being more recent than
the meta-analyses themselves, they were still cited. Older meta-
analyses were cited alongside more recent ones if there were dis-
crepancies in their findings. If older meta-analyses aligned with
the newer ones, they were not cited. Additionally, other relevant
articles referenced within the included records were reviewed
for eligibility. While studies involving people with diabetes were
prioritized, studies on nondiabetic people were also considered
for comprehensive evaluation. Among studies involving
humans, randomized controlled trials (RCTs) took precedence
over observational studies. Regarding fractures, only human
studies were considered eligible. It is worth noting that studies
were often limited and frequently did not focus specifically on
people with T2D. Finally, GLP-1 RAs were given priority. Addition-
ally, an overview of included studies regarding fracture risk, bone
turnover, and bone structure for GLP-1 RAs and DPP-4is are pre-
sented in Tables 1-4. Furthermore, some overlap was seen for
eligibility between GLP-1 RAs and DPP-4is as several studies
included both exposures. Hence, 44 studies were reviewed for
GLP-1RAs and 41 for DPP-4is.

GLP-1 RAs
Fractures

In general, a cohort study comparing GLP-1 RAs and DDP-4is
showed no significant difference in incident major osteoporotic

fractures.*” Using the same cohort, the authors reported no dif-
ference in major osteoporotic fracture risk between GLP-1 RAs or
SGLT2is (both in combination with metformin).?® Another
cohort study using people aged =65 years from Medicare
reported that initiation of SGLT-2 inhibitors was not associated
with an increased risk of fracture in older T2D adults compared
with initiating a GLP-1 RA.?®’ Compared with insulin, a network
meta-analysis using data from RCTs did not report any increase
in fracture risk with GLP-1 RAs,®? although a meta-analysis using
observational studies concluded that current GLP-1 RA use was
associated with a decreased risk of fracture.®" This finding was
consistent with the results from two additional cohort studies
conducted by the same group of authors.®%3%

An older meta-analysis found no reduction in fracture risk by
GLP-1 RAs in T2D compared to other antidiabetic medica-
tions.®¥ Interestingly, another older meta-analysis of RCTs
reported that, compared with placebo and other antidiabetic
drugs, liraglutide and lixisenatide were associated with a signifi-
cant reduction in the risk of bone fractures, and the beneficial
effects were dependent on the treatment duration, with effects
only observed after more than 1 year.®® Yet another meta-
analysis also looked at subtypes of drugs from RCTs and reported
that albiglutide (GLP-1-RA) decreased the risk of fracture (relative
risk [RR] of 0.29 [95% Cl: 0.04 to 0.93]) compared to placebo.®®
None of the other subtypes of GLP-1 RAs were significantly asso-
ciated with fracture risk. Additionally, a newer meta-analysis of
RCTs reported that GLP-1 RAs were associated with a decreased
fracture risk compared to placebo or other antihyperglycemic
drugs, and the reduction was highest for exenatide.®” Yet an
older meta-analysis of RCTs reported that liraglutide was associ-
ated with a reduced risk of incident fractures (odds ratio [OR] of
0.38 [95% Cl: 0.17 to 0.87]), whereas exenatide was associated
with an elevated risk (OR of 2.09 [95% CI: 1.03 to 4.21]).%®

This section presents a collection of cohort studies, meta-
analyses, and network meta-analyses that investigate the associa-
tion between GLP-1 RAs with the risk of fractures in people with
T2D. In summary, the majority of the studies showed either no
risk® % or a decreased risk®'>*>-® including certain subtypes
like liraglutide,® lixisenatide,®* albiglutide,®*® and exenatide.*”

Bone turnover and bone structure
Human studies

The section presents various clinical trials and studies that inves-
tigate the effects of GLP-1 RAs in human studies, particularly lir-
aglutide and exenatide, on bone metabolism, BMD, and bone
turnover markers in people with diabetes and in overweight.

The effects of liraglutide on bone resorption and turnover was
exploited in two trials. One RCT that included T2D people found
that liraglutide treatment for 6 months did not affect bone
resorption despite a significant weight loss compared to the con-
trol group without weight loss.®® These observations may sug-
gest that liraglutide expresses antiresorptive effects. Moreover,
a trial on healthy obese people exposed to liraglutide for
52 weeks after a 12% weight loss intervention reported
increased P1NP and no change in CTX in the liraglutide group
compared to the control group, which indicates a higher bone
formation.“%

The exenatide effects on bone metabolism in healthy T1D
people were discussed in three studies. One human trial
included healthy normal-weight controls and showed suppres-
sion of CTX after exenatide injection.*" Another study in T1D
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Identification

Screening

[ Included ] [

=

Identification

Screening

Identification of studies via databases and registers
for GLP1-RA

Records identified from
PubMed databases
n=129

n = 38 (bone turnover)
n =29 (bone structure)
n =62 (fractures)

Y

Records removed before screening:
Duplicate records removed, n =1
Records marked as ineligible by
automation tools, n =0
Records removed for other reasons, n =0

!

Records screened

n=129

Records excluded

Duplicates, n = 38
Non-meta-analysis reviews, n = 37
Letters/editorials/cases, n = 3

Reports assessed for eligibility
n=51

Not eligible records

Non-bone outcome, n =5

Wrong exposure, n = 2

More than 10 years old study, n =1

Reports included in review
n=44

Identified from other studies
n=1

Identification of studies via databases and registers for DPP4is

Records identified from Pubmed
databases:

N=103

n =18 (Bone turnover)

n =17 (Bone structure)

n = 68 (Fractures)

\4

Records removed before screening:
Duplicate records removed, n = 0
Records marked as ineligible by
automation tools, n =0
Records removed for other reasons, n = 0

!

Records screened

n=103

Records excluded:

Duplicates, n = 32
Non-meta-analysis reviews, n = 22
Letters/editorial/cases, n = 0

Reports assessed for eligibility

A4

n=49

Records not eligible
Nonbone outcome, n =3
Wrong exposure, n = 2

More than 10 years old, n =3

Reports of included studies
n=41

Records Identified from other studies
n=0

Fig. 1. Flow diagrams. From: Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. PRISMA 2020 statement: an
updated guideline for reporting systematic reviews. BMJ 2021;372:n71. doi: 10.1136/bmj.n71. For more information, visit: http://www.prisma-state

ment.org/.

B 40f 26 VIGGERS ET AL.

JBMR Plus (WOA)


http://www.prisma-statement.org/
http://www.prisma-statement.org/

(sanunuo)d)

sbnip cnaqgeipnue

J1ay1o pue ogadeld

0} paJedwod uopdNpal

3SI4 34N1DR1) B YIM PaleIdosse
2J9M apIeUdSIX]| pue apin|belr]

oqgade|d

01 pajedwod ain1dely Jo s

93 pasealdsp (€6'0 03 ¥0'0

'67°0 YY) apnn|bige seardym

‘ogade|d 03 pasedwod ainydely

JO sl Yy psseaul (0L€L
01 85°L ‘1G°€ YY) undibejasL

NAZL yum s133[gns ui sy
aIn1del) 159)4e J0U PIp 1Z-11DS
10 'syy 1-d1D ‘Ib-ddd 4O 3sn

S 2in1oely
199jje 10U pIp 9sn vy L-dT9
$3s50p WY L-d19 4Aq
PayI3ealS JI JBYISU ‘S|0IU0D
0} paJedwod ainjdely e
yum asoyy buowe 1aybiy jou
sem vy L-d79 Jo asn Joud sy

Adesayl unasdul
Aq paJalje 10U YsI ain1del4
vY1-d19 40 ‘I-dda
‘IZ-119S Jo uoneniul usamiaq
JD441p 10U pIp S3IN3OeI} JO SIY
sisluobe
101dadas |-4719 03 pasedwod
USYM 3{SI4 34n1del) Uo
199449 OU aAeY sIoHqIyul ¢119S
7-ddd pue vyl
-d719 Y1m juswieal usamiaq
9OUIIYIP SU 24n1del) ON

V/N

V/N

V/N

L9 pue g'es

SS

V/N

99<

09

99§

(8€ = u) salpnis 1Dy

(£11 = u) sa1pnis 1Dy

9WO0D1N0 ainloel}
Yum (££1L = u) ssipms | DY
dlewsa) % /v
79%'80T = U S13sn JaAaU pue
¥SE'8 = U SI9SN WY-1d1D NN
Svl'ezz =u
(4n1de44 OU) S|]OJIUOD
0} paydlew sy L'6ze = U
(24n1de1)) SOSED paydlew
-abe pue -xas “iewusqg
GS0S'8 = U s1asn
VY L-d1D pue 196'ce = U
s1asn I-4ddq ‘pspnjdul
salpnis _uwmmn_u._wym_mw._ Ino4
(L:L:L yoyew sd) £99'/€L = U
‘sa1aqeIp 7 dA1 ysn
\<_>_ \cou—mom ~_.tmf_m_‘_m 2JeJIPaN

9|ews} %0 (111 yd1ew
'sd) 08€'8L = U [€10) “jlewudq

9ewa} %Y ‘(11 yaew
'sd) 997'Z¢ = U @10} “Ylewuaq

sisfjeue-elaw ‘uewiny

sisjeue-elaw ueWNKH

sisAjeue-e1aw YJ0MIaU ‘uewny

Apnis
110yo> dA1dadsoIIR) ‘UeWINH

Apnis (21n30e14 OU)
[0J3UOD-(2JN)DkIY) BSED ‘UBWINH

I-¥ddd pue vy-1d1D Ul Xsu
2inyoeyy buuedwod salpnis
Inoy Jo sisAjeue-e1dow uewnH

ainyoely snoiaaud
oYUM WQZL ‘Moyod ‘uewny
Apnis

11040> aAIDadsol3R) ‘URWIN

Apnis
10Y0d 3A13Dads0.1a) ‘Uewiny

WQZL ul ainydely
aU0q JO YjsU pue sy L-d1D
U33M19q UOIIRIDOSSE 31en|eA]

WAZL Ul sS4 24n3dely uo sbnup
J139qeIplIue JO S1D344d d1en|eA]
oga>e|d Jo syuabe dpagelpiue
J9Y30 yum pasedwod I-z]19S
pue ‘vy L-d19 ‘Ir-ddd 4o s1esn
Buowe ysu ain1dely asedwod)

3In1oel JO S pUe WY L-dTD
UsaMla( uoljeidosse wum@_umw>c_

3In3oe1Y 4O MK PUB VY 1-d1D
UsaMla( uoljeidosse mum@_umm>c_

I-ddd pue vy L-d19 Jo siasn
puowe YSH ainjoel) sulwexy
1-2119S
pue ‘I-ddd VY L-d1D Jo siesn
Buowe ysu ain1dely asedwod)

UlWJOJIdW O} Uo-ppe se
1-Z119S pue vy L-d19 Jo siasn

Buowe ysu ain1dely asedwod)
UlWJ0J1dW 0} Uo-ppe se
7-dAd pue vy L-d19 Jo siosn

Huowe ysu ainydely asedwod)

610¢

Lcoc

ceoe

SL0C

SL0C

910¢C

Lcoc

ceoe

(4414

‘le 3 busyd

‘le 12 bueyz

e 19 1eyd

‘le 1o uassalg

‘le 19 uassalg

‘e 18 uassalg

‘le 19 onyz

‘e 39 Ipeyysen-Iy

‘[ 39 Ipeyyse-IY

SSWO0DINO Ule|\

(s1eak) aby

(u "A1aunod) uonendog

ubisap yoieasay

asodind

1e3A  YSU 2In3de1) pUR SYY [-d1D

sioyiny

(sly-dd@) siouqiyul & asepndad |Apndadia pue (syy L-d19) s1siuoby 101daday | apidad a31-UobedN|D Yam sl 211Dl Jo MIIAISAQ L djqel

INCRETIN THERAPY ON SKELETAL HEALTHINT2D 5 of 26 Il

JBMR® Plus



(sanunuo)d)

slo)qiyul -ddd pue vy
L-d 1D 03 pasodxa s123[gns usamiaq
sainoely paje|as-sis0i0doalso

JO S1 JuJayip Apuedyiubis oN

siesh || F /S

SI01qIYUl $-dd@ 03 pasodxd

950y} Huowie ysu 31n3dely padnNpPay

V/N

ulwIo2W
yum pasedwod sioxqiyul -ddd
pue ‘auipijozely} ‘uiinsul pagudsaid
s303[qgns uy Jaybiy sem sainidely
[2Ig3LIDA JO ¥SH DY} ‘UIWIOfdW 01

pasedwod ysu ain3deuy diy paseasdul
0} paje|aJ sem asn JoNdIyul +-ddd

sieak o<
pabe syuaned

Jedk | Jaye asn JoUqIyul $-ddd yum
pasedwiod asn 171 1DS YIM ¥SH ain1dely
ul 9seasdul Juedyiubis Ajjednsiiels ou

PaAIS5qO $123[qNs QzL uo Apnis Hoyod

siesh || F 09

(dnoub yoes u1 €£191)
sisAjeue ulew ui papnjul
2J9M S|eNPIAIPUI 997°ZE = N

Va4 's'n pue asaueder

dcl 0§ Juswiean
Hnip Bbuneniui syuedpiued

juanedino 00£'996 = N

s101q14ylul-#ddd 40 Z-1719S
Jo dnoib yoea u1 gL = N

Kpnis 1oyod

paseq-uonejndod
:Apn1s uewnH

610C

pue 007 Usamiaq

KApnis jo1u0d
—ased :Apnis uewnH

810C

pue 10z usamiaq

Apn1s Loyod
:Apn1s uewnH

dn-moj|oy

1eak-1 !0z0T

pue £00z usamisq

Apnis 1oyod

paseq-uonejndod
:Apn1s uewnH

ujwJo1dW 03 saldelayy uo
-ppe se sii-dd@ 01 paJedwod
Vdl-d19 yimuswiessy

10} SHOW 4O s 21eb11saAu|

syuaned Jap|o ul aindely
4O s pue 3sn JoUqIYUI-ddd
US3M13( UOIIRIDOSSE dulwexy

sainyoedy 1o sbnup dnagelpnue
Buneniut jo sysu Auepd

sa110633ed elNUIWINg|e pue
Y499 ssoude (IZ119S) siouqiyul
Z-Jouodsueniod asoon|b
-winipos Yyum palealy syuaned
dzl buowe ysu 4OW 91eNnjeAl

ceoe

€coc

ceoe

€c0c

‘le 39 Ipeyysen |V

‘e 12 eweAyo

‘le 19 pjewe)

(CRERLY

suoledIpaw

Jl19qeipnue JaYyo
4O 9sn ay1 yum pasedwod
WAZL Ul 8in3del) dUoq Jo

sbnip Jiagelpnue
Jayo Buisn syusned

YHM paledwod ainjdely Uoq

JO 9dUdpIUl JIIMO] Judsaud
SWYYH-d1D Yum paleasl gzl

S 2in1del) pue siy-ddd

3SU AJIpow 10U S0P sy L-d1D V/N (87 = u) saipnis 1Y sisA|eue-elaw uewny yum sjuaned Jaylaym ssassy  +10¢ ‘e 19 nesjjiqe
3SU pa1eAd|D ue sbnip aAnde Jay30 Jo ogadeld
Y1IM SPIIRUSXD pUB $3INIdely 01 paJedwod apl1eudXd
JUSPIdUI JO YSI padNpaJ e (0L = uapneusxiy’'g =u 1o apnnj|bel| yum pajerdosse
Yum paierdosse sem apnn|belr V/N  3apinjbes)) 9L = u ‘saipmis 1Y siskleue-elaw ‘uewny Ss2Jn3oely JO ySK d1enjen §L0T ‘le 3@ ng
3SH 1S9MO| By}
YUM P1RIDOSSe SBM SPIIRUSXD
pue ‘sbnup d1wadA|biadAynue
Jay3o Jo ogade|d 01 pasedwod
3SI4 34N1del) pasealdsp WQAZL Ul st aindely
YUM P3RIDOSSe 9J9M SYY L-d1D V/N (1S = u) salpnis |DY  "SIsAjeue-elaw }IOMIBU ‘UBWNH U0 WY L-d7D JO S109)49 azAleuy  810C ‘le 3@ bueyz
SSWO023IN0 ulely  (sieak) aby (u “A13unod) uonejndod ubisap ydJessay 9soding e\ SM dIn3deiy pue syy L-d1D

sioyiny

panunuo) °| 3jqey

JBMR Plus (WOA)

B 6 0f 26 VIGGERS ET AL.



(sanunuo)d)

3SU 24N1del) padNpal il “(E€6°0 01

€L¥°0 11D %S6 'LT9°0 HO) paseisiulwpe

sem Aep/bw g'| apnnjbeu|

10 (9080 03 +0€°0 ‘1D %56 ‘S6%°0 HO)

Aep/Bwi 001 undiBexs usym [(80°L

03 88°0 :ID %S6) £6°0] YsH 2in1dely
YUM PI3LIDOSSE J0U 3I9M SU[IRJDU|

$91N328J4 JO YSU Je[IWIS
Y3im pajerdosse sem ujzoplbedwy

YSU dIN3dRI)-||B PIdNpPaI
Y3IM paieldosse sem (86°0 01 88°0
1D %56 ‘€6'0 “4H) Slp-dd@ Yam uswieal|
Sy
-ddd SNSJaA s101qIyul Z17DS JO siasn
Buowie ysu 2IN1de1) Ul SOOUIDPIP ON

saJn1oely Jo Msu
19yBIy Yum pa1eidosse 10U sem Iy-ddd
B SNSI9A JONQIYUI ZLTDS JO uoneniu;

'sIasnuUoU pue s1asn Iy
-dd@ U2aM13q SaJn1del) Ul 92USJ4IP ON

Sly-ddd

0} paJedwod s 2In}dely Pasea.dul
YHM paxul] 10U sem JoNqiyul ¢119S

(LLo'0 =d‘196'0

01 8SE°0 ID %S6 ‘9L9°0 YH paisn(pe)

uswieall ly-ddd INoyum asoyl

yam paledwod siy-dd@ 03 pasodxa
s1algns buowe sjamo| Apuedyiubis

V/N

sieak 09
abe ueay

V/N

V/N

V/N

V/N

siesh 7| F SS

sieak 99
Jo abe ueay

V/N
Sly-ddd
Jo uizoybedws buneniul
dcl yum syusned ynpe
paydiew |:| jo sited z/0'6€ = N

sieak 6= pabe gzl
Yum sjenplalpul 6€4°£GL = N
wid1sAg
Burnoday 1uaA3 2SIAPY
uonesnsiulwpy bnig pue poo4

obe Jo sieak 992 I-ddQ e Jo

SI9SN MaU 64/ € pue Jouqiyul
TLT9S B JO S19sN MaU ¥66'8€ = N

(TZ1'y = u) sissnuou

lr-ddd Pue (0Lp'L = u) s1esn

I7-ddd papn|dul se19gelp yum

sdnoub Juswiea (z85's = U)
s919gelp Inoyum dnoub josuod

L:L paydl1ew ly-ddd 10 1Z119S
ue JO SI9SN MauU 9g8'8/t = N

(dnoub 1y-dda

-uou) I-ddd Inoyum siusned

95€'ST = N pue (dnoib 1-ddqQ)
I-dd@ uo syuaned 6£€9 = N

sasAeue
-elow dlepdn
£10T
pue {10z usamiaq
Apnis Woyod
paseg-uoiie|ndod
S10z ‘o€
Jaquwia1das pue
‘200 ‘L Asenuer
u2aM13q HoYyod
paseq-uone|ndod
9A1103ds0119Yy

sisAjeue
Ayjeuoiiodoudsiq

610C

pue G0z uaamiaq

epeue) ‘oueuQ

ur Apni1s 10Yyod
paseg-uoneindod

Apnis 1oyod

810C
pue 9|0z usamiaq
Apnis Loyod

dn

-MOJ[0} JO sieak /

yum Apnis 1oyod
:Apni1s uewny

Msu
2JN1dkJ) PUR SUllRJOUI JO 9sh

U99M19q UOIIeIDO0SSE dlen|eA]
I7-ddQ SNSI9A uizoyibedws
Bunenur gzl yum syusned
Buowe sawod1no A1a4es

pue SS9UIAIIIYS S1ebIISaAU|

acl yum ajdoad uiysu ainyoely

UO SUOIIeDIPAW UOWWOD

pue (31yqH) uiqojbowsay

p31ed4|6 jo diysuonea.
|euipnibuo| S1ebiisau|

sisAjeue Ajeuontodoidsip

pa1211sai-101esedwod-3A110.
Buisn jo 1pedwy sjensuowsg

siy
-ddd yum pasedwod sainioely
1O YsU JayBIY yum sareiposse
asn JoJIgIyul 71198 J dulwIIeq

uonejndod

ueaJoy| Ul XSl a4nidel) suoq
uo 1-ddd Jo 12349 a1ewnnsy

Ir-ddd yum pasedwod

dzL Yum synpe ui yjsu

2Jn1del) pasealdul 01 pajejal
919M 1717196 Jaylaym aulwiarsg

acl yum syusned
asauemie] ui s1s010doa1so
JOYSL UO I4-dd JO 10949 210|dx3

L¢oc

ceoe

[4dird

€coc

cecoc

610C

ceoe

[44014

‘e 19 Buoy|

‘|e 39 ouioled

‘|e 12 buep

lueqqex|y

‘e 39 uemo)

‘le 13 ulnisn

‘le1s ey

‘le 3@ bueyd

YSU 31n1de1) pUe Siy-ddd

panunuo) °L 3jqeL

INCRETIN THERAPY ON SKELETAL HEALTHINT2D 7 of 26 Il

JBMR® Plus



'sv1aqelp g 9dA1 = @zl ‘eaInjAuoyns = NS ‘|eu Pa||0JaU0d paziwopuel = | DY ‘2103s Alsuadoid = G4 ‘ain1dely 213010d031s0 Jofew = 4O :UORIASIGQY

aJnyoely
JO YSI YUM Pa1eId0SSe J0U SeM (f = U
OL'L'16°0 1D %S6 ‘TO'L HY) siouqiyul
CLIDS 10 (y = UL L 'YTO 1D
%56 ‘SO0 YY) VY L-dTO (Ll = U pL'L
‘09°0 ‘D %56 ‘€8°0 HY) Sl-ddd 4O °sN
(L0'L 01670 D
%S6 ‘#S°0 "40) 0gade|d yum pasedwod
uodNPaJ MsH dinidely 0} Aduspus)
juedyIubISUOU Y3Im pajeidosse
sem undijbole ‘siskjeue-elow asimiied
12311p U1 /(880 01 6°0 ‘1D %S6 ‘LSO
"40) ogade|d 03 pasedwod aseadap
0} papua} undijboje uoj ainioely Jo Xsiy

Azl ui sainyoely AWaxa
Jaddn pue sainioesy Jo ysi padnpal
yaim paiepposse sem abesn Iy-ddd

ulnsul 4o sNS yum pasedwod
saanyoedy A)j16ely Jo ys1 pasessdul
UHM P33eID0SSe J0U 3IdM Sl-ddd
apuidawi|b ueyy
Sain1dely Jo s|jej pue elwadA|bodAy
40 s Jamo| Ajpuedyiubis pey undibeur]

puno} 3in3deJy JO YSU ON

sdnoub yioq ussmiaq
Je[lwis 219Mm 34Nn1del) SUoq JO SYSIY

V/N

V/N

V/N

sieak g'gS
sem
abe uespy

sieak Gg 01 OF

sieak 6 F 99

sieak 9 F ¢/

V/N

suaned /07'0L
40 [€303 YUM SIDY G/ 1S3IPNIS
1:1 S|OJ3U0D Yim
paydiew 6Bnip dpaqgelpiaue
QUI|-PU0Das Se If-ddd Pe=sn
dzl yum syuaned 966's = N

A|oAnoadsal
‘SNS pUe Siy-dd@ JO s4asn
M3U 9€9'97 = N PUe €66'L = N

V/N

s19[gns

|0J3U0D G896 03 paydlew
sainyoely yum syusned zzs'L = N

paydiew 2101s Aysuadoud
9J19M I-dd@ 40 Joqiyul
T11DS JO s1asn mMau 905'80v = N

salpn1s
[eUONRAISSO JO

siskjeue-e}aw pue
M3IARI D11eWR)SAS

s|el} pajjoJluod
paziwopuel
JO sisAjeue

-B}3W YJIOMISN
€10¢
pue 600z UsaMiaq
pawJopad

Apnis 1oyod

Lot
pue 700z usamiaq
Apnis 1oyod

Apnis Loyod
910¢
pue | |0z uaamiaq
|0J3U0D>—35eD PAISON
910¢
Jlaquiadaq pue
¥10T Jaquiaidas
uaamiaq Apnis
10yod 3Adadsolay

oshn
IvddQ Ul 31n3des4 O su Aynuap

aua
ul 2Jn1de1) SUOq UO Siy-ddd
JO 109449 d1en|ens A||ed1ewaisAs

azl yum syuaned ul aunyoedy
JOYSU puUe 35N I-ddd Uaam1aq
sul| daneind ajebrsanul
Saindely
Aujibeuy,, onosodosyso
UOWIWOD pue Siy-ddd
US9M19( UOI1eIDOSSE SuIwlR1dd
syuedpied JabunoA pue Japjo
ur apuidawib yum undijBeu|
Jo A194es Jejndsenolpied asedwod)
S2JN1D.J4 JO XSI PISEIIdUI YIM
pajeidosse si sioNqiyul Z-175S
4O 95N Jay1aym alebnsanul
dcl urusuwiean Iy-dda Yyim
paJedwod Jouqiyul 7119
Yam pajeidosse A1ajes pue
SSDUDAIIDDYD Jejndsenolpled
plHoM-|eaJ Sulwex]

£10C

£10¢C

8L0¢

810¢C

0coc

610C

Lcoc

‘e 19 1eAepiH

‘[e 19 bue)

‘e 3@ NOH

‘|e 19 djqwien

‘|e 39 pue|ads]

‘|e 19 Ipawyds

IV 19 ueH

3SH ainjdoely pue siy-ddd

panunuo) °| 3jqey

JBMR Plus (WOA)

M 80f 26 VIGGERS ET AL.



(sanunuo)d)

ssew Apoq 1oy

P31091402 10U USYM uoleInw
47D ul esealdul g
13y61y {(dN Ld pue ‘uid|ed091s0
X1D) 49A0UIN] BUO( JO
SI9)JeW Ul S9OUBISYIP Ou INq

(Jjosuod)

GE€ = U Sjo)uod
paydlew pue /| =u
suoneinw YW yum

syoam 9|
1oy Ajiep aouo bw o'¢

s19[gns uo apnnjbedi|
uo 1oedwi pue wsljogqeiaw
pue ssew auoq uoleiNw

sdnoib yiroq ui ssoj ybiom %9 g pue (YFDW) €€ $193[gns 9saqo “ewuaq apnun|bes| ‘uewny 4D Jo 1edwi a1enjeA  0z0T ‘[e 19 uasda|
ejuaiydoziyds
dNLd ul Z¢ = u ogadeld yum s133[qns paleany
9582129p pue gAg ul 9seatdul ‘€7 = U dpneusxs syjuow ¢ 10y -dnnoyaAsdipue ‘9s3qo “d1uoiyd
puaJl “19namoy ‘aing 10 ‘X1 (L =usew/pz=u Apj@am aouo "'s bw g ul dNg pue JaAouIn) suoq
‘dN Ld U0 12343 uedyiubis oN 8'GE  dews)) Gy = U Hewusq SPIIeUIXD ‘| DY ‘UBWINH U0 SPIIRUIXS JO 10919 denjeA] 810z ‘|e 19 uossyg
(3jewa) 91 /316w
£€) €6 = u ogade|d SY99M 97 10} sidyew
‘(Sleway €1/9]ew [eaw aJ04aq Y | ‘Ajiep JaAouIN} duoq pue gNg
sso| yb1am b3t 2udsap 6€) TG = U dpneusxs sawil 33y s bn g uo L1 ul ulnsui 0} pappe
dNLd 40 “X1D ‘ang ut abueyd oN 0S ‘dLl 801 = U “JJewusg 9pIIeUIXS ‘| DY ‘UewnH 9pneuaXa Jo Adedys alenjeAl | Z0T ‘[e 39 uasueyor
Buijspowas suoq uo
‘ap1euaxs ‘vyL-419 weisisal
(suljes pue ‘(y-ulpusxa) -uolepeibap pue ‘spiwe
apljeusxs ‘apiwe(9¢-6) (9€-6) L-d1D @1jogelaw
L-d1D ‘splwe(9e-£) Se ||9Mm se ‘spiwe(9g-/)
X1D PaseaJdap aplieusxa 2T NG ‘(3lew G/ajewa) L-d1D) sAep Apnis Inoy L-d79 12e3Ul Jo suondaful
pue spiwe(9g-/) 1-d19 i24 €) 8 = U "“Jewuaq ‘J9A0SSOUD ‘] DY ‘uewnH 'D'S JO 109)49 a1nde aulwexy 6107 ‘[e 18 uasSIN
sso| ybram 61 = u‘ogade|d Sy99M G 10} ogade|d 1o
JaYye sso| suoq pajuanaid ‘g1 = u ‘apnin|beu)| Ajlep bw | apnin|bedy| uoppnpal
pue “x1D ul abueyd ou ‘9| ‘Ot 01 0€ |INg 1uels|o) J0 104 Aq pamo||o4 $sO| SSew auoq pPadnpul-sso|
AQ dN Ld J9¥Jew uolewioy} (oga>e|d) ot -9500N|6 35970 (S[eWay 1yb1am 9| pasnpul 1yb1I9am pue uonewIo} sUoq
auoq paseasdul apnnjbesr]  pue (apninjbell|) o [|B) ZE = U SjJewusg  -13Ip JO SH9IM g ‘uewinH  uo apin|beli| Jo 9|04 ebnsaAUl  SLOT ‘[e 39 uasda|
(3lew 71 /21ewsy
dnoub spninjbeu) 9l) ogade|d o = U
ul pabueydun sem pue dnoib ‘ogade|d pue (3jew
ogade(d ul paseanap ANg 9l/3lewsy 1) 0€ = U S}93M 9¢ 104 dcl yum
diy ' YooMm Jaye pasealdul (ogooe|d) 9 ‘spunibes| ‘09 = u oqade|d 1o Ajlep bw g'| $133(gNs ul J9A0UIN} BUOQ UO
dNLd X1D U0 109))9 ON pue (apnn|bell|) z9 ‘syuaned gzl “ewusqg apnn|bei| ‘1DY ‘uvewny  apnin|bell| Jo 10919 31ebnsaAu]  610T ‘|e 1@ wnbAH
Salpnis uewnyH
SSWODIN0 Ule (s1eak) aby (u ‘A13unod) uonejndoyd ubissp ydieasay 9sodind Jesp J9AOUIN) BUOQ pue SYY |-d1D

sioyiny

(Siy-ddq) sionqiyul  asepndad [Apndadiq pue (syy L-d71D) sisiuoby Joydaday | apndad 9y1j-uobedn|n Yyiim JIaAoUIN] aUog JO MIIAIBAQ *Z d]qel

INCRETIN THERAPY ON SKELETAL HEALTHINT2D 9 of 26 Il

JBMR® Plus



(sanunuo)d)

S|9A3| UI3SOJD|DS Paseadap
pue ujuod|ed-g pue
Jaguinu 15e|2031S0 Paseasdul
9pI1BUIXS $914309150
pue ‘s1sejqoa1so ‘s1se|p0a1so
Arewnd ‘s||9> mourew auoq

Ul paylauspl 919M sy L-d19
buijeubis g/9495-1ed-¢g
NNd/dWNY? T/ IME3 "DIY/NELd
buneanoe £q uoresayljoid
15e|qoa150 sarowoid
apnnj|bel| ‘s15e|qoa1s0

-2ud suunwi Uty L-d719 paynuap|
skemyied
MY pue gx-4N Bunigiyul
Aqg uondiosal suoq pue
UOI1eWL.IO} 15B|209150 SHqIyul
apnn|beu| ‘sysepposlsoad
pue sabeydoidew suunw

uo y L-d19 Jo uoliesynuspi
1sluobe
|ened A>usrod-mo| se pajoe
IpIWe(9€-6)L-d1D Searaym
‘uonew.oy diyo 10y sisiuobe
|IN} Se Pa1oe SPIIRUIXD
pue apiwe (9¢-/) L-d1D
‘103dad31 |-d1D Jo Sisiuobe

se paye spuebl| L-d19 931y} ||

X1D5 10 dNLd
ul abueyd ou Ing d5UeIS|0}

9502n|6 Jo Juswanosdwi
pue sso| 1ybram Apog

V/N V/N
V/N V/N
V/N V/N
V/N V/N

(Ps = u3ew) gg = U
oqgaded ‘(yz = u
dlew) g€ = u apnn|beu|
‘suidezue|o/auidezo)d
yluMm paleal) pue
'£T < W9 ‘s219qelpaid
‘ejuaiydoziyds

Yum €01 = u lewusg

(ogadeid) zv
pue (spnn|beu)) v

uolissaidxa uiejoid

pue yNyw Joidadas

1-47D ‘unsoJs|ds pue

uluo1Id|ed pue ‘sisAjeue

Anawoydiowoisiy

‘uonesnsiuiwpe

VY L-d1D

‘92I1W PazIW01daLIeAO
Jewiue pue [|9D

(10]q wimsam pue ‘Yod
‘uann|beur)) Apnis |9

(10]q wimsam pue ‘Yod
‘umop-yd0ouy 101dada
‘apun|Bes)) Apnis |19

£-S0OD "Apnis |19D

Syoam 9|
104 Ajiep Bw g'|L 0190
apnnjbed| ‘1DY ‘uewny

sasAjeue

winJas pue ‘Y4dd ‘buninind
192 ‘921w WOl S|[9 duoq Uo
dUI|eS SNSIDA DPIIRUDXD SNSIDA

apnn|bell| Jo s1ays aulwexy  §10¢ ‘e 1 eaiv1ad

.mumm_ﬁ_owumow‘_a 2ulNW

uo apnn|beu| Jo 18y dulwexy /10T ‘e 1@ N

s1se|poa)50a.d
pue sabeydoidew
PSALISP-MOIIEW SUOQ SuLINW

uo apnn|bell| o s1aYS dulwex3y  0Z0T ‘e n

2JN1jNd |31 £-SOD uUo
‘apneuaxs ‘vyL-419 weisisal
-uolepeibap pue ‘spiwe
(9€-6) L-d1D ‘eplwie(9g-/£)

L-dTD JO 159))9 9Inde sulwexy  610¢ ‘|e 19 UassIN

S3IPNIS |30 pue [ewiuy

suidezo|> 1o suidezue|o

yum paiealy ejuasydoziyds
pue sa1aqelpaid

yam sjuaiied uj JaAouIn} suoq

uo apnn|bel| Jo 13y Aenjea  0Z0T ‘e 19 uasuabeeyy

SSWIO0DINO Ule|\

(s1eak) aby (u ‘A13unod) uonejndod

ubisap yoieasay

asodind JeaA J9AOUIN} BUOQ pue Sy |-d1D

sioyiny

panunuo) *z 3jqeL

JBMR Plus (WOA)

M 10 0f 26 VIGGERS ET AL.



(sanurnuo))

9oe4ns suoq uo ssbeydoidew
P3ALISP-MOLIBW SUOq
pasealdul 9pI1euUdXd ‘OIUA
Ul ‘2IN3dNJ3s SU0(q Jejndagely
panoidwi pue uoljewio) suoq
Pasealdul SPIIRUSXD ‘OAIA U| V/N
uolssaidxa YNYW e-4N1L
pue HNVY pauqiyul pue X135
pue ‘uondiosai suoq ‘Jaquinu
15B|2031S0 PAIDMO| PIIRUIXD
‘OAIA U] {UOIBWIOJ 158203150
pasnpul-e-4N| 10 uolew.oy
158203150 PIdNPUI-THNVY
UO 9pPI1LUDXD JO 12344 OJIIA Ul ON V/N
DO pue ‘oD
‘d7V ‘Zxuny jo uoissaidxs
sauab paseasnul QNG ‘dNLd
pa1eAs|a pue ‘XD pasealdap
‘yibuaiis auoq pue ssew
auoq Jejndaqesy panoisdwi g V/N
s1s9uab03150 Jo uonIqIyul
pasnpui-apisodA|boulwy
paienuane [-d19 ‘sso| ybiam
Bulnp dNLd pabueydun
UM X1D pasealdap pue
K1AIDE 7Y pue UId|ed033}50
paseasdul spninjbedl| ‘sdnoib
undijbexes pue ujnsul uj ssoj
1yb1am ou ‘dnoib apnnjbeli
pue pajeasun ui ssof ybiap V/N
AlAROR 158|q09150
pasnpul uoneAlde Y
L-d1D :ysyeigaz uj ‘uonisodap
wnpjed pue buljeubis
7xuny Aq uonenuaiayp
158|03150 pasealdul
apnn|besl| pue ‘uonenuaIIYIp
15e|q03150 BuuNp paynuspl
SeM Y L-d19 :S[[93 Wi=ls U] V/N

V/N

V/N

V/N

V/N

V/N

uoneiBiw "YNYIS 10(q
uls1sem ‘Ydd ‘vSIn3
‘1o1 ‘uondaful bnip

‘92IW PazIWO01d3LIeAO

lewiue pue [|3D

winuas ‘1om “Yod

1agWnu 1se202150

‘uondaful bnip
‘?d1W ‘Jewiue pue [|3)

ABojoisty ‘Ydd

'¥SI13 ‘uonensiuiwpe

Bnip |eauoyiadenul
\wu_rc PozIWoldaleAQ

10|q uJa1sam ‘YDd

's15|q03150 Isnow

'$39V 13-001W ‘1190
‘sieJ {lewiue pue ||9D

9|eds ysyeiqaz
‘¥SI13 pue 10|q
uId1saM ‘sishjeue ¥Yod
's[19> ws d|nd |eusp

uewny jo ainynd |13

uonelbiw
9eyins sbeydoidew paLLp
-MOJIBW dUO] pue duoq

UO SPI1LUDXS JO 199 dulwexy /10T ‘le 12 Buep

uondiosal
9UOQ pue UoleW.IO}
15209150 PIJNPUI-S4T Ul

SpPIIRUDXD JO 1093 d3eONSIAU|  810T |e 3@ uays

|O1pRIISD pUR ‘DPIIRUDXD
INgq bunedwod Aq ao1w
313010d033150 UO WY |-d1D JO

1099 d11010do31S01UR BUIWEXT L Z0T ‘le 32 noyz

sso| ybram buunp syes 9s9qo
J113qelp uo (undijbexes)
I-¢ddd SNSISA UINSUl SNSI9A

apnn|bell| JO 10919 sulwexy ot ‘le 1@ buayd

uolnew.oy
2uoq ysyeigaz ul spninjbel|
JO 103J3 pue S$15|03ISO
ol $|193 ws dind |eyusp
uewny JO UOIBIIUIIDYIP

buunp y 1-410 3zAjeuy €207 e 39 leyz

SSWO0DINO Ule|\ (s1eaK) aby

(u “Aunod) uonejndod

ubisap yoieasay

asodind JeaA  J9AOUIN} BUOQ pue Sy [-d1D

sioyiny

panunuo) °Z sjqeL

11of 26 M

INCRETIN THERAPY ON SKELETAL HEALTH IN T2D

JBMR® Plus



(sanurnuo))

S9B}INS D[15E|D03)SO
aA1Isod-4Dyy 1 JO Jaquinu ul
P3aAIDSCO SIIUDIIYIP OU ‘Ad1W
d119geIp 9530 Ul JISquinu pue
A)IAI3DR 1580310 paseatdul
pue auoq Jejndages
panoidwi spieuexs

921w pajeasl-aplieuexs ul
UOI1B[IPOSEA [elql) ‘3d1W ues|
ul 10U Ing 35370 Ul ssew Apoq
pa19MO]| pue 931w d113gelp

u| 9s02n|6 poojq pasealdsp
SPIIRUIXD SUOIIRIIUSIUOD
9s50on|b poojq ybiy buunp
(53581003150 UI) UOIIeWIO)

uoisnuad quui|

‘s||22 1sejqoa1so ‘gNg
‘Aixswoydiowoisiy
‘1o ‘uondaful

Bnip ‘oo1wW uadYap
J03dad31 unda)

yrbuans pue Ayjenb auoq

3U0q U0 123JJ3 AJUO :0IUA U] V/N V/N  2l13gelp ‘[ewiue pue ||9D) UO 10949 S,9p11RUDXD Sulwex3 /10T ‘|e 19 eJ19iad
X119150 pue ‘gxuny ‘(Kemyzed
1UAA) Ulualed-g pasealdul
1UdWe3J] SPIIRUDXD
!S||92 WIS MOoJiew duoq
ul uonenuaJaylp ak>odipe
passaiddns pue (dNLd
pue HQ) siaxiew uoijewoy
2U0(Q ‘Iaqwinu 15e|q03350 10|Q UI91S9M
‘yibuans auoq ‘ssew ‘ABojoisty ‘1O ‘vs|13
Su0q Jejndagedy paseatdul ‘eiqnl pue Jnwdj el
SPIIBUIXD !S|[9D WSS MOLiew WO} $||93 W3S modlew uolew.oy
2uOoQ pue §||9> ewoulnsul auoq ‘buipeojun 2UOQ pue UOoIeIUIRYIP
ul Inq s1sejqoaiso Arewnd |esiueydsw ‘uondsful ||I92 W3S Moliew duoqg uo
ul passaldxa Jou Y |-d1D V/N V/N Bnip‘sies‘jewiue pue ||9D SpI1eUIXD JO 10949 91ebnsanu| 9107 ‘|e 12 busy
(X1D) S|[92 Wd1S moilew
uondiosal suoq pauqiyul U0q 10|q UIS1SIM
pue (dNLd) uonewuoy ‘4Dd ‘vs3 ‘Lo
auoq pue ‘yibuans suoq ‘vX@ ‘uondafur brup
‘3JN10NJ1S SUO( JeNdages) ‘s1el pPazIWo1d31eAO buiapowsal suoq
‘ANg ‘DNg pasealdul apieusxy V/N V/N |lewiue pue [|9)  UO SPIILUSXD JO 123 dulwex] €10C ‘le 19 ey
S9WODIN0 Uule (s1eak) aby (u ‘A13unod) uonejndod ubisap yoieasay 9sodind Jes\ J9A0UIN) SUOQ pue SyY |-d1D

sioyiny

panunuo) *z 3jqeL

JBMR Plus (WOA)

B 12 0f 26 VIGGERS ET AL.



'sauolpauIplozely) = gZJ ‘1010e4 SISOIIBN Jown] = 4N ‘s9190elp z 9dA1 = QgL ‘eainjAuoyns = NS ‘|ell Paj|o11u0d paziwopues = |y
‘puebi| g3-1012€) JES]DNU JO JoleAlDR J01deda) = THNVY ‘Uondesy uleyd Ajod = YDd ‘@pndadoid |euiwisl-N | uabe|jodoid = dNLd 591 3duUeIs|0) 950N|6 [BJO = | DO ‘S||92-9 PIILAIDE JO JaduRYUS-UleYd-1ybi|
-eddey| 1012e) Je3PNN = gM-4N 401dad3J p-uniodouePW = YiDW ‘Ppueyddeshjododl| = Sd7 ‘Y L-d1D e se palebisaaul punodwod paseg-suljexoulnb y = gQg ‘usbejjod Jo spndadolsl |euluRl-) = X1D
‘Aydesbowoy paindwod = |7 ‘1ejSojouoWIUISOUIPR JIPAD = dIAYD Xapul ssew Apoq = |\ ‘Alsusp [esoulw suoq = QNG ‘asereydsoyd auleye = ¢y ‘syuiodpus paiedA|b psueApy = SIDY :uoneIAIqqY

s|ewue dniagelp
pa3easiun yum pasedwod sjewiue di3agelp pajeal)

-undi6eus ur ;amoj Apuedyiubis a1sm |-X 1D JO S[9AS] WNISS
dnoub suozey|boid

Ul paseasdul s ddYYL pue pasealdap S[9A3| UId[ed031s0
siyJewolq JaAouiny
auoq pajejnpow A@AIIsod pue Qg pue ain3dsyydJe
auoq paJtedw papaAas Apuedyiubis ujwioaw

YUM uoleuiquiod ul pue auoje undijbeur] yum juswieal|
undibeus Aq pajeinsje
Ajpuedylubis a1am sa1aqgelp ul Juswiiedwl [elRyIopus
pue uoineziejod sbeydoidoew jewiouge Yyiog djiym
pagJnisip sem ymwmoub |19 1ey) pauodas upolozoydails

pue 131p 1eJ-ybiy Aq padnpul sazaqelp uo Apnis

pa1dayeun osje siam aleydsoyd

pue ‘wnpjed ‘gy wnids bunsey ((0ze'0 = dL1'0 F GL'L

onels dnoib-usamiaq) pabueyd 10U s19Mm S|BAI)|
juswieaasd Yyym pasedwiod SUOIIRIIUSIUOD XD WINIIS

S1eJ [0J1U0D
SNSISA S1el
Jesim acl

:Apnis Jewiuy

[epow el gzl

:Apnis jewiuy

V/N V/N

V/N V/N

ERI[TY
Jo Apnis o1IA
V/N ¥/N  ul:Apnis jewiuy
Kpnis
184 OAIA U] pue
OJUA Ul :ApN1S
V/N V/N [ewiue pue |35

(0g =u) 104

ogadeld 1o (6 = u Ajtep ‘putjg-3|qnop

9duo ‘bw Q1) undibeppia 193ud-3)buIS
-ddd Y3Mm Juswiiealy Jeak-| :Apn3s uewnH

siel dj3agelp padnpul
-U12030Z03daJ3s pue [ewJou Ul suoq ‘le1d

uo undi|bes 17-ddq Jo 109)d aleneA 10T SHOo|DH
[9pOW [ewue (g1 Ul SSO| suoq pasnpul ‘e 19
dZL U0 1-ddq Jo s1aye d1ebnsaaul 9107 wo3j
9dIW pPaj-1e)
-ybiy ui sisosodoalso dnaqgelp buiess
Ul UOJ}eUIqWIOD Ul pUB SUO|e UlwJojawW ‘e 19
pue undijbeul| Jo s109))9 91ebIISIAU|  ZZOZ  UeMIIN

uonelba1u109150
Jood pasnpul-salagelp Ul Juswieall ‘le1d
undibeus yum sissusaboibue sujwexy  0z0Z Bueiy
S9IPN3S [|90 pue [ewiuy

SISe1S0aWOoY
wnpjed pue uondiosal suoq ‘e

JO sioyiew syoajje If-ddd 19YloyM SSassy 414 )ong

SaIPNIS UeWNH

pasealdsp Ayydd pue
pasealdul gxuny pue ‘Xia1so

‘upd|e203350 ‘sissuabodipe
passaiddns pue sisousboalso
13ybiy paosnpur sswiAjod [-41D V/N

10| UJ31SaMm ‘YDd ‘s||9d
w)s pue sabeydoioew
pPaALISp-MmoLIeW
auoq auunw ‘uonasful
Bnup “13349p suoq
V/N ‘1w {Jewiue pue [|3D)

L-d7D B JO 12343 dulwex3  0Z0T

J9A0UIN} aUO(q pue Sif7-ddd

uonelauabal
auoq uo Jawjod
‘|e 19 Buep

SSWO0DINO Ule|\ (s1eaK) aby

(u “Aunod) uonejndod

ubisap yoieasay

asodind JeaA  J9AOUIN} BUOQ pue Sy [-d1D

sioyiny

panunuo) °Z sjqeL

130f 26 M

INCRETIN THERAPY ON SKELETAL HEALTH IN T2D

JBMR® Plus



(sanunuo)d)

‘6L = U ‘ogade|d
‘gL = u ‘spun|beu| ‘ot 01 0€

S}99M TG 104 0gade|d 10
Ajrep bw z°| span|bey|
40 104 Aq pamo|oy sso|

uolPNpal ssew
2UO0Q PIdNPUI-SSO|
1yb1am pue uonew.oy

sso| 1ybram Jsye (oga>e|d) NG ‘2ueIs|03-950dN|6 3s9qO 1ybIam 947 | padnpul auoq ui apnn|beu|
Ss0| auoq pa1uaAald spnnjbelr St pue (spninjbeul)) of (9]eway ||B) L€ = U HJewusqg -131p JO SYI9M g ‘uewinH Jo 9j04 ;ebnsaAul  §10C ‘|e 19 uasda)
ejuaiydoziyds
yum spafgns
w=u paleasy-dnoydAsdiue
dNLd ul aseaidsp pue QNg ogade|d ‘€7 = U 9pIRUIXD Syjluow ¢ J1oj ‘9970 “J1UoIYd
ul 8seaJdul puall ‘IsAsmoy (Ll =usjew/pz = U Ap@am aduo >'s bw g ul gNg uo aplieusxs
‘NG uo 109443 uedylubis oN 85¢e dlewsy) S = U “Jewusqg 9pl1euUdXa ‘] DY ‘UewnH JO 129))9 denjeAn  810C ‘|e 19 uossyLIg
(Slewsy 91 /3w /€) €6 = U S399M 9T 10}
ogade|d ‘(ajewsy €1 /9]eW 6€) |esw 310499 Y | ‘Ajiep dwg uo gLl ui ugnsul
7S = U 9p1euaxa ‘saraqelp sawil 33Uy} s bn gl 0} pappe SpI1eudXd
awng ui sbueyd oN 0S | 9dA1 8oL = u “yiewusqd 9pNeUIXd ‘| DY ‘UewnNH jo Aoedyys 91enjeA] LZOZ  |e 19 uasueyor
(Iwg 104 parsnipe
Ly0’0 = d ‘,wd/b 6100~ siaydymsuou g 01
snsiaA ,wd/6 870'0-) I paydlew ‘zel = U ‘vy L-d19 syuaiied cnagelp
-dd@ e buinunuod ueyy asow 01 SI3YDUMS ‘s1s010d03150 ul gNg paduanjul
Adng auids Jequin| pasealdsp (j013u03) /e1uados1so yum pue ‘Apnis 1oyod VY 1-d1D 01 I-ddg woly
VY L-d19 01 buiydumsg €9 pue (SI9YdUMS) 79 I7-ddd Yum palessy gl ‘uemie] dAIDadsoNPI ‘uewNy  Bulydyms moy suludleg  £70C ‘le 19 bueny
(12w
v1/9]ewdy 91) ogadeld o€ = u azL yum
dnoub apnnjbeu ‘ogade|d pue (sjew 9| /3jeway S}99M 97 10} s19[gns ul JaAouiny
uj pabueyoun sem pue dnoub (ogade|d) ¥1) 0€ = u ‘apnn|beuy| oga>se|d Jo Ajiep bw 8| auoq uo apnn|beui|
ogade(d ur paseasdsp awg diH 9 pue (spnnjbesr)) z9 09 = u ‘syuaned gzl “Spewusqg apnnjbes| ‘1Y ‘uewny JO 1099 91ebnsanu]  610C ‘|e 19 wnbAH
diy |e1031 pue 3dau
|eJowd) Jo QNG pasealdul
uljNsul pue SpI1eUSXd (8/6
‘ogade|d 03 pasedwod dlewsy/sew/ /| = u ogade|d
‘dnoub ujnsur ur paseadul '(€// Sjewdy/sew) oL = U
awg Jeqwn| {(ogade|d suibie|b urnsul ‘(8/1 | sjewsay
uey} ss3| Inq) spnn|benp /3lew) 61 = u spnn|beinp
ul psseaidap aNg 29U '(01/6 3ewsay/s|ew) ufjnsul WQ@czl ut awg uo
|eJoWa} JUSWILeDI} SPIIRUDXD 6L = U 9pneusaxiy g9 =u ‘Spin|be|np ‘apneusxs uljnsul pue ‘apnnjbeinp
Yum paseanul ging diy [elo (29 '¥9 'S '€9) OF < WAcL Yim syusiied "eulys ‘papul|g-a|6uls uewny ‘spneusxs Jo 1133 1Z0T ‘le1a1ed
syalgns
ssew Apoq 10} Pa139.110d 10U uo apnnjbeu| jo 1edwi
usym uoneinw YHOIW ut ang GE = U '$|0J13U0d paydlew S3oaM 9| pue wsijogelaw pue
J2ybiy padnpul spnnjbel| (jos1u0Dd) pue /| = u‘suoneinw YO 1oy Ajlep aduo bw o' ssew auoq uoneinw
‘sdnoJb yioq ui ssoj ybram 949 ¥ pue (YD) €€ yum s103[gns 9s9qo “lewuaqg spnnjbes| ‘uewny YD Jo 1dedwi s1enjeA 00T ‘le 19 uasda

salpn3s uewny
24N1oNJ1S BUOG pUe Sy L-d1D

SSWODIN0 IR (s1e3A) aby (u *Anunod) uonejndod ubisap yoleasay asodind  Jesp sioyiny

(Sl-ddq) sioMqiyu| ¢ asepndad [Apndadig pue (syy L-d1D) sisiuoby 103daday | apirdad ayij-uobedn|o Yiim a21n1dniig auog Jo SaIPNIS JO MIIAIBAQ € d]qeL

JBMR Plus (WOA)

B 14 0of 26 VIGGERS ET AL.



(sanurnuo))

peoj pue ujens Jaybiy

“6'3 ‘A|aAisod sajadoud [edjueydaw auoq pardaye
Ing 91s Aue e NG dleJoljdWe J0U pIp SPIIRUIXT

321W d1IdgeIP 8530 Ul JIaquinu pue AjAiDe

1SB|O31SO pasealdul pue suoq Jejndagel) paroidwi
Spl1RUEXS ‘DD1W P31R3J1-dPIIRURXS Ul UOIIR[IPOSEeA [eIglL

Inway uj budeds

Je[ndaqes} padnpal pue ‘gng pasealdul Jlaquinu
pue ‘sSauydIY3 ‘DWN|oA Jejndagesl paroidwi apin|belr]

olel HdO/MINYY pue XD pasealdap aphn|bedi|
19y} {jeAowal A1eAO pUE UOIIdNPUI S313qeIp Ja)e
AW4g pPalenuslie pue paulelulew uswieal) apin|bel]
SI9MJeW JSAOUIN] SUOQ UO 133))3 ou
2IN303)1YdJe0IdIW JRNd3gel} Jo A19A0D3) |elled pue
eiqi} ul QNG |ed1340d pue Jejndadges) Se [|9m se ‘9zIs
pue bBueds JejndageJ) paroidwi Juswieall spinjbelr]

AINg UO 109)3 OU DING pPasealdul apleuaxy
anssi) auoq pabewep Jo A19A0IDI PaseaIdUl pIIeUIX]

yibuaiis
2U0q pue ssew auoq Jejndagel paroidwi gwa
SjeJ pajeali-uinsul pue -apninjbell| ul paroiduwi
yibuaiis sauoq pue aindnJis auoq Jejndagel
!sdnoib undijbexes pue uynsui ui ssoj ybiam
ou ‘dnoub apnn|beli| pue paleasnun ui ssoj ybIapn

sadIpu
2U0q [BD13J0D J0U INQ Je[Nd3CRI} PAsea.dUl Sy L-d19D
S2INSEaW dU0( |ed10d pue Jejndagel; panoidu)
Ib-ddd eyl 31Dy
2J0W Bplreuexs ‘Yibuails suoq paleiouslsp INg
A1d1Ise|@ suoq PaJo1sal {UoIdUNY 1SBD0BISO PIdNPaY

$9102s 2U0q Jejndaged} Jaybiy padnpul JdwAjod [-41D
uoissaidxa
9uab UlUO}D|BD PASEIDU] PIIRUIXD ‘DUOQ Jejndaqes}
Ul 9DUJIDHIP OU ‘QINg |eD1H0D pue [e10) JAMOT]

V/N

V/N

V/N

V/N
V/N
V/N

V/N

V/N

V/N
V/N

V/N

V/N

V/N

V/N

V/N

V/N

V/N
V/N
V/N

V/N

V/N

V/N
V/N

V/N

V/N

V/N

sd12qelp + 131p
1e4-yBiy winuqu| pe ‘91N
1Ot ‘uondaful bnip
‘321W u1dYSp-101dadal
unds| onagelp ;lewiuy
1o “apnn|ben|
‘sa1agelp Inoylm
S}el Paz|WO03I3L.AO ([ewWiuY
uolenjead
J1dodsosiw ‘apnnibedi|
‘sjel PazIWo1d3eAO
pue dnagelp ;jewiuy

1O1 pue
spnn|besl| F ‘ad1w sjewsy
(@LL) dnaqeip :jewiuy

VXQ ‘91w j[ewiuy

1O1 ‘91w :jewiuy
1D ‘uonesnsiuiwpe
Bnip |esuoliadesul
‘dIW PIZIWO0IIBURAQ

101 ‘s1es jewiuy
1O ‘uonensiujwpe
VY L-d1D @dIw
pPaziwoldaueAQ ‘lewluy
sjel dj3aqelp jlewiuy

1UdWeal] dPIIeUIXD
‘s1el d11sgelp :jewiuy
1ot ‘uonoa(ul
Bnip “109)9p duoq ‘IN
1ot quawiean
Spl1euUaxa pue W
1INOXD0UY Y L-d1D ‘Jewiuy

si919weled [euonisodwod pue
sa1uadoud |edjueyDaW SUOQ SNSSI) UO dPIIBUDXD
VY L-d19 panoidde Ajjeouyp buisn Adesayy pue
S919qeIp PadNpul-1a1p-1e)-ybiy Jo 1dedwi slenjens

yibuaiis
pue Aljenb suoq uo 1533 S,9p1IRUIXS dulwex]

S1el PIZIWO01I9LRAO
JO 3UOQ UO 1093 s,9pnn|bell| sulwex]

au0q el d312geIP UO 12343 s,aphn|bell| suiwex]

3U0Q SNOW U0 103)43 s,9pin|Bell| auiwexy

2UO0Q ISNOW UO 123442 SP1IRUIXS dulwex]
Jledal sUOQg SNOW UO 109449 SPIIULRXS dulwex]
|O1pRIISD pUB ‘DPIIRUSXD
‘W9 bunedwod Aq 3d1w >130410d03350 UO
(VY L-d19 ©) 9INQ 4O 109443 d130410d033S0UE SUlWEX]

sso| 1ybram
Bulnp sies asaqo dnagelp uo (undijbexes) I-4ddd
SNSIAA UINSU] SNSI9A dpian|Beli| Jo 10243 sujwex]

auoq uo auijes
SNSI2A PIIRUIXS SNSIaA aphN|Bell| JO S10919 dulwex]
au0q 1.l UO 1094)9 s,apnn|bel| suiwex3

sa1adoud [edjueydawolq suoq

uo JouqIYul #-dda Pue vy L-d19 JO $129)d auedwo)
uonelauabal

auoq uo Jawkjod |-d71D e JO 10949 Sujwex]

1noydouy| J03dadal [-41D Buisn wisijogelaw
2uoq jo uonejnbal ul |-479 Jo 9ol a1ebnsanu|

610C

£10¢C

§10¢

810¢

Lcoc
£10¢C
610¢C

Lcoc

eoe

SlLoC
§L0¢

€coc

rdord

800¢

Insuepy

‘e 1 ead19d

‘e n

‘e 39 U\

‘le 19 nA
|e1e

Ayresesyueq

‘le 12 busQg

‘le 12 noyz

‘le 1@ buayd

‘e 12 eaR1ad
‘le 12 ung

‘e 19 1Ipqy

‘|e 32 Buep

‘|e 32 epewe,

SIIPNAS |[9D pue [ewiuy

panunuo) € 3jqeL

150f 26 M

INCRETIN THERAPY ON SKELETAL HEALTH IN T2D

JBMR® Plus



's913qelp ¢ 9dAL = @zl ‘|eMd Pajjouod paziwopuel = ] )Y 1403dadai p-uiHodouRRW = YN ‘dpueyddesAjododl] = 547
‘vYy L4719 e se pajebnsaaul punodwod paseg-sulexouinb y = g@ ‘usbejjod jo apndadojal |euiwsl-) = x1D ‘Aydeibowol pandwod = ] ‘AUsusp [esdulw duoq = Qg :UuoneIAIqqy

buipusq

jutod-a3iy) buunp esowsy 1obuoils ul buiynssi

‘171l Aq passasse siel d13agelp ul uoneubels
ymwolb suoq [ediod pajuanaid updibens  w/N - W/N

SSaUDIY} DUOq Jejndagesd

pue ‘swn|oA auoq Jejndaqgell ‘qNg pa401sal

Adeiay1 uoneuIqWOD ‘BWN|OA BUOQ JejNdages) pue
awg paseasdul Apueoyiubis Juswieasy undibeplin - ¥/N  V/N

auo|e uojelsiulwpe

Sd1 YHm pasedwiod uonessiujwpe-0d JoHgiyul

$-ddd pue Sd7 3usmiapun 3ey3 931w ui uondiosal
U0 PISLAIIIP PUR JQWINU ISB]PORISO JIIMOl Y V/N  V/N

2U0Q UO (71 JO 10949
aA1leBaU 95I9A3) J0U pIp uonensiuiwpe undibens  v/N - V/N

siel
|0J3UO0D SNSJI9A
sieJ Je1siph

dcl Apnis jewiuy

9dlw del
Jo Apms ewiuy

dlw

Jo Apnis jewiuy
siel
J1wdA|bowiou
SNSI9A S1el

@zl AApms [ewiuy

siel 132gelp PadNpPUI-UID010Zz03dalls
pue [ewsou U duog uo undibeus 1p-dda JO 109yd denjeA 10T

[9pow |ewiue
ATL Ul SSO| 3U0q PadNpul-QZ1 UO I-ddd © JO S109yd 1eblisanu|  910¢
sIs9Uab 158203150 PAdNPUI-O
-ANL pue s1sauab 158202150 PRdNPU-TYNYY U0 UORIGIYUI 1-ddd
JO S1D9}J9 0J)IA U SB [|9M S ‘Uof3dI0SaI SUOQ pUe UOIIRWIOY ISR[03)S0O
Pa5NPUI-54T UO UOIIGIYUI H-dd O SI9343 OAIA Ul 23ebnsanul  8L0T

sjel di3agelp
ul uo1el633u1095S0 Jue|dwil UO pue 3NSS|) AUO] UO ‘QZ] 1ed.) 0}
pasn Jouqiyul ¢ asepiidad [Apndadip e ‘unndijbeus Jo s1aye 31ebnsanu] 6107

‘e
auo|n

‘e
wo3

‘le1d
eplys|

‘le e
elsineg

S3IPNIS |30 pue [ewiuy

sdnoib
U99M19( SIIUDIAYIP OU Yum ‘pasodxaun

>_U_.;m |0J3U0d—-ased

acl yum
sjuaned

9A1129d50.194
191udd dczl yum syuaned ul sg1 Buisn

pue pasodxa -ddd yioq ul paseanur Qg siesk 0L F 89 00z =N -9|buls:Apni1s uewnH  Y}eay auoq Uo siy-ddd JO 10949 21ebnissaul  1z0z ‘|e 19 99
acl
azl abe pasoubelp acl pasoubelp
pasoubelp Amau yum s323(gns ul ejuadoalso Jo siedk /g Aimau AIMau uj ysi ain3oely pue ejuadoalso
/s1so10d0oa350 jo uoiodoud Jaybiy yum pue yum ajdoad Apnis [euondas /s1s010d0a3150 pue AlAnde yddd
pa31eOoSsse a1am saniAde ddd ewseld pajeas|3 €6 usamiag [FL=N  -Ss0id:Apnis uewny ewse|d usamiaq diysuoneal a1ebisanu] 00T ‘e 19 IND
S91pN1s uewny
2IN1dN.1S dUOq pue siy-ddd
uonedA|b uabe|jod
Jamoj| pue ‘Auiniew uabe||0d Jaybiy ‘syuljssosd
uabe|jod aunjew Jaybiy ‘xapul 3zis [eISAID JaMO| 201w
ul paynsaJ uonesnsiuiwpe apnn|bel ‘asoon|b poojq J1agelp uo sauadoud Ausaqo
bunamo) Aq palelpaw Ajuo jou aiam ey ssiadoud [euiew pue yibuans -s9)aqelp jo [opow |edjulpald e uj saiusdoud
2UO0Q UO Y L-d1D PUB I-Z17DS JO S1291)3 JUIayIp auoq uo apnn|bedi| |ela1eW suoq pue Yyibuails auoq uo apnn|bell| pue ‘e 1

{21n1231YJe0.dIW 3U0q 10 Y1BUa11S SU0q UO 109443 ON

SNSJIaA uizoli|bedep ‘1N uizo}ji|bedep Jo S109)J9 Syl peay 0} peay asedwo)  0ZOZ  BYSMOXZISIN

SDIPNJS |[9D pue [ewWIuyY

panunuod *g 3jqey

JBMR Plus (WOA)

M 16 of 26 VIGGERS ET AL.



"9SRYIUAS SPIX0 DLIUN = SON! “ejsoydouowiuisouspe d12Ad = A2 °||192
3Y1 JO SN3|DNU 3Y1 Ul YN Y3 03 ||31 3Y3 JO 98NS Y3 U0 403dadaJ e W) [RUBIS B $31ED1UNWIWOD 1Ry} ||30 3Y3 Ul suidiold Jo uteyp e si (Kkemyied YYI-HIN-Jed-sey ayi se umous| osje) Kemyred Yy3/MdVIN YL 910N

undibeus Aq pareinsjje Ajpuedyiubis sem \Q ul
juswiedwil [eljyiopus pue uonezuejod sbeydoidew
[ewJouge Yyiog ‘ISASMOY ‘PaiNn}|nd-0d JaM §||3D
USYM 'SUO[e PaJNn3Nd 3IM S|[93 USYM WQ Ul SOIANH
Jo 10U 1nq 9beydoidew Jo sabueyd pasianal A|pasjiew
undijbeus Jo uonppe {PaINyNd-0d SI19M S[|30 OM]
9Y} Usym pauasiom Ajpuedyiubis sem s|[93 [el|9yiopus
Jo Kinfur paonpul-|Ag ‘sDIANH 0 suondunysAp

undibeus +

abeydoiew + Q@ (9) 40 ‘2beydosoew +

A (g) ‘ebeydosoew + WN () ‘undibeys +
SNoIAGO pue ‘suoissaidxa 90zaD Pasealdsp pue SON! WA (€) {(WQ) naljiw dsqelp (7) ((WN) haljiw [ewou (1)
paseasdul Agq paduapiAa ‘abeydoloew jo uonezuejod 0} pa1dafgns 949M 3deHNS (11) WNIUeRY3 UO Payegndul
LW pasned |\ ‘duoje paleqndul 2JaM S||92 USYM ‘0JlA U] (SDIANH) SI[D2 [BIIDYIOPUS UIDA [BD1jiquin uewny ‘oJ}A U)

swisiueydaw buikpspun
pue syuejdwi wnjuey Jo uoneiba3uI031so
Jood padnpui-salagelp Ul JuswIeal} e
undibeus yum sissusaboibue jo ajol sulwexy  0zoz  buely

UI>[3031S0 PUk ‘UIIDBUO0ISO ‘|03 | 3dA) ‘Zxuny ‘sauab Jaylew
15e|q03150 pue ‘AlIAlDe 4TV ‘uonisodsp wnidjed buisealoul
AQ sDSd@Y Ul UOIBIUSIDYIP 1SB|031SO PISeaIdU JUSWIeal)
apndad apunibel| vy L-d19 UOILIUSISYIP ISe|GOdISO

4 1-d1
YHM UOIIBIDOSSE JI3Y} pue (SDSJay) S|192

SIPN3s |[93 PUe Sliy-ddd

Hbuunp palejnbaidn aq 03 punoy sem uoissaIdxd vy L-d1D OJUA U] WI9)S PIALIDP-|_IUSP JO 9]0J 1ebNSaAU| €70 ‘e 19 leyz
Aunnoe
|euondidsueI} puUe JUSUOD UUSIed-g JB3joNuU Pasealsdul Yyum
A|snoaueynwis uiualed-g pue ‘yy3 ‘I)y Jo uonejfioydsoyd
pue |9A3] dINY2 Je|n|[93.iIul paleAd| Os|e apin|beli|
‘uonezijeIaulwW d1ISe|GOIISO PAIeINWIIS pue ‘sabeis snoliea je
s19y ewolq 21uab01se|qoa1so Jo uoissaidxa paienbaidn ‘(Y g) siseq Jejn||a> |enualod aiojdxs
SWI} puUe (U 00 L) UOIeJIUdUOD dleIpaWIalul Je uolieldijoid pue uonenuaIYIp pue uonesdyljold
15803150 parowold apinjbeli| 1ey) paesrsuowap 15e]q033s0aid [I-E€1EDW dulLNW UOo ‘Y
pue |3-€1 €D Ul ¥1-dTD Jo 9ouasaid pawiyuod Apmis OJUA U] L-d1D e ‘opnn|beu| Jo s1094)° 91ebnsau| /10T ‘e 31 N
uondiosal auoq
pue uoew.Io} 1se[2091S0 1GIYUl PINOD S| /' F9ZMYY pue uojoe
SINING Y109 JO Juswieas spinjbeli| eyl punoj am ‘uonippe S)1 Jo siseq Jejn||3d |enualod aiojdxs
Ul {UMOPYD0UY YL-d1D J91e siaiewolq d1usboise2091s0 pue uonenuaJayIp 1se3091s03.d
Jo uoissaidxa buiseasdul Aq sisousb01se|D091s0 1oy Juepodwl L Y9TMVY pue (WWgG) abeydoidew
99 WYBIW Y|-471D 1eY3 PIleIISUOWSP PUE S||3D £ H9ZMVY pue P3aAILIIP-MOLIBW SUOQ SULINW UO ‘yY
SINING UO (Y1-471D) 4103d3ad31 | -4 jJo dduasald pawiyuod Apnis ONIA U] L-d1D e ‘Opnnj|beul| Jo 51333 a1ebsaAu| 0202 ERENS
S9Ipnis |[9D pue syy L-d19
S9W0D1INO Ul ubisap yoieasay asoding 1eaA sioyiny

(Si7-dd@) s1ouqiyu| ¥ dsepndad |Kpndadiq pue (svy

L-d7D) Sisiuoby 103daday | apndad ayij-uobedn|n yim saipnis |3 JO MIIAIBAQ v dqeL

17 of 26 W

INCRETIN THERAPY ON SKELETAL HEALTH IN T2D

JBMR® Plus



people concluded that, despite an exenatide-induced body
weight reduction, no changes in bone metabolism were
observed with exenatide added to insulin therapy after
26 weeks.“? A double-blinded RCT investigated the effects of
exenatide 2 mg once weekly (n = 23) or placebo (n = 22) on
bone turnover markers in chronic, obese, antipsychotic-treated
people.*® They reported, in general, no significant effects on
bone turnover markers (P1NP and CTX) after 3 months of treat-
ment. However, they did observe a numerical reduction of both
PINP and CTX in the exenatide group and a numerical increase in
the placebo group.*® These findings suggest that weight-
induced bone turnover is mitigated by GLP-1.

The effects of liraglutide on bone metabolism in healthy and
obese. A clinical trial included people (without diabetes) with
common obesity and people with one of the most common
monogenic causes of obesity in humans, a mutation in the
melanocortin-4 receptor (MC4R).“? They observed a 6% weight
loss in both groups but no differences in markers of bone turn-
over (CTX, osteocalcin and P1NP) after 16 weeks of liraglutide
treatment (neither in groups of between groups). Although not
directly related to diabetes, the use of liraglutide in people with
prediabetes due to olanzapine- or clozapine-treated schizophre-
nia did not change bone turnover markers.*” Atrial that
involved obese people with and without an MC4R mutation, it
was observed that the control group exhibited an increase in
bone mass (measured by mineral apparent density) in response
to liraglutide treatment. However, no such increase was
observed in the MC4R group.“¥

To elucidate the effects of exenatide and dulaglutide on BMD
in people with diabetes, a single-blind study in overweight T2D
people randomized to exenatide, dulaglutide, insulin glargine,
or placebo reported a BMD increase of the total hip in the exena-
tide group. In the dulaglutide-treated group, only the femoral
neck BMD decreased, but the magnitude of the decrease was
less than that observed in the placebo group; the BMD of the first
to fourth lumbar vertebrae (L1-L4), femoral neck, and total hip
decreased significantly in the placebo group, while in the insulin
glargine group, the BMD of L2, L4, and L1-4 increased.“® Com-
pared with the placebo group, the BMD of the femoral neck
and total hip increased significantly in the exenatide group and
the insulin glargine group. Compared with the exenatide group,
the BMD of L4 in the insulin glargine group increased as well.“”
In the RCT on T2D people randomized to liraglutide or placebo,
mentioned earlier, liraglutide treatment prevented a hip BMD
decrease (despite a weight loss), as was otherwise observed in
the control group.®? The effect was observed as early as
13 weeks after initiation. No differences were observed for lum-
bar spine BMD or in the evaluation of bone microstructure by
HR-pQCT.5?

GLP-1 RA treatment on BMD in T2D people was first evaluated
in a retrospective cohort study that included people with diabe-
tes and compromised bone quality (T-score < —1), the effects of
switching from a DPP-4i to a GLP-1 RA were examined. Although
an improvement of glycemic control and a larger weight loss was
observed, the GLP-1 RA group experienced a more significant
decrease in the lumbar spine BMD than the group continuing
DPP-4i treatment (—0.028 g/cm® versus —0.019 g/cm?,
p = 0.041, adjusted for body mass index [BMI]).“® However, in
the study examining bone turnover markers, a 6-month expo-
sure to exenatide in people with T1D did not result in any
changes in BMD, as assessed through measurements of the
whole body, hip, lumbar spine, and forearm.”? Furthermore, in
a trial involving obese people without diabetes who were on

antipsychotic treatment, a 3-month exposure to exenatide did
not lead to any changes in BMD in the lumbar spine, femoral
neck, or total hip.“®

Lastly, the effect of switching from DPP-4i to GLP-1 RA on BMD
was seen in a trial conducted on healthy obese people, the
effects of liraglutide over a period of 52 weeks were investigated.
It was found that during weight maintenance, the control group
experienced a decrease in total, pelvic, and arm-leg BMC. How-
ever, no changes were observed in these measurements in the
liraglutide treatment group.“®

Overall, the studies suggest that GLP-1 RAs, particularly lira-
glutide®949444) and exenatide,*'"*4%4”) may have varying
effects on bone metabolism and BMD in different populations,
including T2D people and obese people, although the effect of
the drugs is generally neutral. The impact on bone health
appears to be influenced by factors such as weight loss, genetic
mutations, and the presence of diabetes.

Animal studies

This section provides an overview of several animal
studies investigating the effects of GLP-1 RAs, particularly liraglu-
tide and exenatide, on bone health, BMD, bone turnover
markers, and bone strength.

First, the effects of liraglutide on bone remodeling and bone
loss was evaluated. An animal study on rats showed that liraglu-
tide improved bone remodeling parameters by increasing the
bone formation marker osteocalcin and the activity of alkaline
phosphatase (ALP) while decreasing CTX (a bone resorption
marker) with no change in PINP (another bone formation
marker).*?) In ovariectomized mice, both liraglutide and a
quinoxaline-based compound prevented bone loss, as evi-
denced by increased P1NP and decreased CTX levels, indicating
enhanced bone formation and reduced bone resorption. How-
ever, these effects were observed only with exenatide treatment,
not with liraglutide.®®>" A study evaluated the effects on bone
mediated by the SGLT2 inhibitor dapagliflozin versus liraglutide
and reported a different but positive impact on bone microarch-
itecture and material properties by both drugs that was not
explained by the lowering of blood glucose.®? They reported
that liraglutide administration resulted in higher mature colla-
gen crosslinks and lower collagen glycation as well as restoring
a normal postprocessing of collagen molecules. These findings
may indicate the ability of GLP-1 RA to restore the immature
divalent collagen crosslinks seen in diabetes.

Then the effects of exenatide on bone resorption and bone
healing was assessed. A study using exenatide on mice reported
alowering of bone resorption measured by CTX and the receptor
activator of nuclear factor-xB ligand (RANKL); the latter acts as an
essential part of osteoclast formation and activation.®® The
study further investigated any potential mechanism and found
that GLP-1 RAs may affect the inhibition of the lipopolysaccha-
ride (LPS)-induced TNF-a expression of macrophages more than
a direct effect on osteoclast precursors or RANKL expression. LPS
promotes inflammation and inflammatory bone loss and induces
the production of proinflammatory cytokines, e.g., TNF-«, and
TNF-a enhances osteoclast formation and RANKL expression on
stromal cells.*” Thus, these results suggest an inhibition of
LPS-induced osteoclast formation by GLP-1 RA.** Other studies
have also provided additional support for these findings.®>=>”

The effects of GLP-1 RAs on bone quality in various mice
models was assessed in several studies. One study used a leptin
receptor-deficient mice model with obesity and severe T2D to
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assess changes in bone quality after 4 weeks of exenatide
administration.*® They reported an increased bone formation
rate in leptin-deficient mice but no effect on lean mice also
exposed to exenatide treatment. They did not observe an effect
on bone resorption. Then, a study on mice with a femoral defect
treated with a GLP-1 polymer found an increased number of
osteoblasts and decreased number of osteoclasts with corre-
sponding effects on the expression of formation and resorption
markers, suggesting that the GLP-1 polymer enhances bone for-
mation.®? A study from 2008 investigated GLP-1 RA knockout
mice and reported lower total and cortical BMD evaluated by a
computed tomography (CT)-based analysis with no difference
in the trabecular evaluation.®® The study on mice with a femoral
defect also analyzed by micro-CT (uCT) and observed higher tra-
becular number, trabecular thickness, and bone volume to total
volume (BV/TV) ratio in the mice treated with a polymer of GLP-
1. These findings suggest a promoted bone formation and a
potential increasing rate of bone healing facilitated by GLP-1.

GLP-1 RAs’ effects on BMD and bone strength in several mice
models. In a short-term animal study lasting 5 weeks, it was
found that the antidiabetic treatment using exenatide as a
GLP-1 RA and sitagliptin as a DPP-4i restored bone elasticity in
comparison to untreated diabetic rats. However, the treatment
resulted in a deterioration of bone strength.®" Both the
untreated diabetic rats and the treated rats showed significantly
higher bone bending stress, but this was improved by the treat-
ment, with exenatide demonstrating a slightly more pronounced
effect than sitagliptin.®” Another study involving diabetic rats
reported improvements in trabecular and cortical bone mea-
sures after 4 weeks of liraglutide treatment.®? In a study con-
ducted on ovariectomized mice, both liraglutide and exenatide
were found to enhance bone mass, as indicated by increased tra-
becular bone indices measured using pCT.*” Notably, no
changes were observed in cortical bone measurements. Another
animal study demonstrated that liraglutide prevented the dete-
rioration of trabecular microarchitecture and improved bone
strength.*®) Additionally, a different animal study showed that
a GLP-1 RA improved bone loss primarily through the induction
of bone formation.®” Studies on nondiabetic mice also revealed
that exenatide increased the transcription of osteogenic
differentiation-related genes, promoted osteogenic differentia-
tion and bone repair, and improved BMC.¢>%%

In a short-duration study conducted on animals with T1D last-
ing 8 weeks, liraglutide treatment, either alone or in combination
with insulin, was found to restore decreased BMD and partially
correct compromised trabecular microarchitectures compared
to control animals without T1D without any changes in bone
turnover markers.®® A trial involving ovariectomized rats with
streptozotocin-induced diabetes reported a reduction in femoral
BMD and the destruction of bone microarchitecture, which was
alleviated by liraglutide treatment along with decreased
RANKL/OPG ratio.*® Evaluation based on counted numbers of
osteoblasts and osteoclasts using H&E- and TRACP-stained sec-
tions was used.® Another trial conducted on ovariectomized
rats without diabetes found that liraglutide improved trabecular
volume, thickness, and number, increased BMD, and reduced tra-
becular spacing in the femurs, as determined by pCT analysis.
Similar results were observed in the lumbar vertebrae.®® In a
study involving leptin receptor-deficient mice exposed to exena-
tide, improved trabecular bone structure was observed. Consis-
tent with the aforementioned studies, no differences were
found in the cortical bone parameters following exenatide treat-
ment.®® Lastly, biomechanical bone strength was evaluated in

six studies. Two studies found an improvement of bone strength
by GLP-1 RAs®™*”) one study found that bone elasticity was
restored but bone strength deteriorated,®" and two studies
found no effect on bone strength.®>*® Though results were
inconsistent, most animal studies suggested an improved or no
effect on bone strength after GLP-1 RA therapy.

Overall, animal studies suggest that GLP-1 RAs, particularly
exenatide®>>761636% and liraglutide,**°=>"°*) may have bene-
ficial effects on bone health by promoting bone formation,
improving bone microarchitecture, and potentially preventing
bone loss. However, the effects on bone strength are less consis-
tent and may depend on the specific GLP-1 RA used and the
study conditions.

Cell studies

The section discusses several cell culture studies conducted on
rodents, including bone marrow mesenchymal stem cells, bone
marrow-derived macrophages, fibroblasts, preosteoclasts, and
osteoblasts, to investigate the presence and effects of GLP-1
RAs on bone remodeling processes.

As for the presence and effects of GLP-1RAs on bone cells, sev-
eral studies on cell cultures from rodents, including bone marrow
mesenchymal stem cells, bone marrow-derived macrophages,
fibroblasts, and preosteoclasts, demonstrated that the presence
of GLP-1 receptors and GLP-1 RAs (mainly exenatide) could
potentially inhibit bone resorption and promote osteogenesis
and osteoblast proliferation.®>”*”) These findings suggest that
GLP-1 binds to and modulates cells involved in bone remodeling
in favor of formation by increasing osteoclast number and serum
CTX. However, mixed evidence exists on the effect of GLP-1
receptor presence on osteoblasts, with one study reporting that
GLP-1 receptors were not identified on primary osteoblasts cul-
tured from rat bone marrow stem cells but another study report-
ing the presence of GLP-1 receptors on osteoblasts cultured from
murine preosteoblasts.®® However, yet another study reported
that exenatide only influenced bone nodule formation of cul-
tured primary murine osteoblasts during high glucose
concentrations.®®

Another study exploited human dental pulp-derived stem
cells and observed increased osteoblast differentiation during lir-
aglutide treatment, high activity of bone ALP, and increased
expression of osteoblast marker genes, e.g., Runx2, type 1 colla-
gen, osteonectin, and osteocalcin.®®

Overall, the cell culture studies suggest that GLP-1 RAs are
present on various bone cells, and GLP-1 RAs, especially exena-
tide and liraglutide, have the potential to promote bone forma-
tion and inhibit bone resorption. However, the presence of
GLP-1 RAs on osteoblasts remains a subject of debate due to
some contradictory findings. These studies provide valuable
insights into the potential mechanisms through which GLP-1
RAs might impact bone metabolism, supporting the notion that
these drugs could have beneficial effects on bone health.

DPP-4is
Fractures

The section presents a collection of cohort studies, meta-ana-
lyses, and network meta-analyses that investigate the associa-
tion between the use of DPP-4is and the risk of fractures in
people with diabetes.

Several meta-analyses have been conducted. One meta-anal-
ysis”? reported that as a group, incretins were not associated
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with fracture risk (OR of 0.97 [95% Cl: 0.88 to 1.08]) and another of
RCTs" concurred, specifically on DPP-4is (RR of 0.83 [95% Cl:
0.60 to 1.14]).

Regarding specific subtypes of incretins, a meta-analysis sug-
gested that the risk of fracture for alogliptin was decreased com-
pared to placebo (OR of 0.51 [95% Cl: 0.29 to 0.88])."? Aloglitpin
also reportedly reduces the fracture risk compared with linaglip-
tin (OR of 0.45 [95% Cl: 0.20 to 0.99]) and saxagliptin (OR of 0.46
[95% Cl: 0.25 to 0.84]); the risk was higher with saxagliptin versus
sitagliptin (OR of 1.90 [95% Cl: 1.04 to 3.47]) and sulfonylureas
(OR of 1.98 [95% Cl: 1.06 to 3.71]). In a direct pairwise meta-
analysis, alogliptin was associated with a nonsignificant ten-
dency to fracture risk reduction compared with placebo (OR of
0.54 [95% Cl: 0.29 to 1.011).7? In addition, from the first meta-
analysis, a subgroup analysis revealed that sitagliptin 100 mg
daily (OR of 0.495 [95% Cl: 0.30 to 0.80]) was associated with a
reduced risk of fractures.”? Interestingly, among people with
T2D and long-term usage of DPP-4is as a second-line antidiabetic
drug, a decreased fracture risk, including a decreased risk of
upper arm fractures, was observed for a period of up to 5 years
compared to those without DPP-4i use.”*

Comparison of various antidiabetic medications on fracture risk
reveals divergent and intercontinental differences. A cohort study
on T2D people observed no statistically significant increase in frac-
ture risk with SGLT2i use compared with DPP-4i use after 1 year.”*
Additionally, another study found that treatment with metformin
(hazard ratio [HR] of 0.88 [95% Cl: 0.85 to 0.92]) and DPP-4is
(HR of 0.93 [95% Cl: 0.88 to 0.98]) was associated with a reduced
fracture risk, while insulin (HR of 1.26 [95% Cl: 1.21 to 1.32]), thiazo-
lidinediones (HR of 1.23 [95% Cl: 1.18 to 1.29]), and meglitinides
(HR of 1.12[95% Cl: 1.00 to 1.26]) were associated with an increased
risk (p value <0.05).”> However, a Japanese study reported that
both insulins, alpha-glucosidase inhibitors, and DPP-4i use were
related to increased hip fracture risk compared to metformin. The
risk of vertebral fractures was higher in people prescribed insulin,
thiazolidine, and DPP-4is compared with metformin.”® In contrast,
another Japanese study reported a reduced fracture risk among
those exposed to DPP-4is.”” A Danish retrospective cohort study
did not observe a significantly different risk of osteoporosis-related
fractures between people exposed to DPP-4i,?” while a Taiwanese
cohort study reported that the risk of osteoporosis was significantly
lower among people exposed to DPP-4is compared with those
without DPP-4i treatment (HR of 0.616 [95% Cl: 0.358 to 0.961;
p = 0.011]). Kaplan-Meier analysis showed that the preventive
effect on osteoporosis was positively correlated with the cumula-
tive dose of DPP-4i (log-rank, p = 0.039)’®; although no fracture
outcomes were reported, these findings may be relevant as the
fracture risk seems to increase when T2D and osteoporosis coex-
ist”? A Korean study reported that initiating an SGLT2i was not
linked with increased fracture risk compared to DPP-4is.®” This
was backed by another Korean study reporting no difference in
fractures between DPP-4i users and nonusers.®" Similarly, another
study found that initiation of a SGLT2i versus a DPP-4i was not asso-
ciated with a higher risk of fractures regardless of estimated
glomerular filtration rate (eGFR) among people with renal impair-
ment.®? In agreement with the two aforementioned studies, an
American study did not report differences in fracture risk between
users of SGLT2is versus DPP-4is.%¥ Lastly, a cohort study reported
that the SGLT2i empagliflozin was associated with a similar risk of
fractures compared to the use of DPP-4is.®¥ No discrepancies in
fracture risk were reported between users of DPP-4is and SGLT2is
in a large cohort study, and similar findings were reported by
another study.®>2¢

Lastly, it has been reported that significantly fewer falls and
fractures occurred with linagliptin treatment compared to the
sulphonylurea (SU) glimepiride.®” However, glimepiride may
per se be associated with hypoglycemia and thus increase the
risk of falling. In contrast to these findings, another study
reported that DPP-4is were not associated with an increased risk
of fragility fractures compared with SU or insulin; however, they
were associated with a lower risk versus thiazolidinediones.®®

Overall, several meta-analyses”®’" and cohort studies®”7*
78818485 demonstrated that DPP-4is were either decreased or
not associated with an increased risk of fractures.”%”" Only
one study reported an increase risk.”® Additionally, subgroup
analyses showed that certain specific DPP-4is, such as alogle-
ptin’? and sitagliptin,”%’? were associated with a reduced risk
of fractures. Furthermore, intercontinental differences were
observed in the association between antidiabetic medications
and fracture risk. However, it is important to note that factors
such as study design, population characteristics, and medication
dosage may contribute to the variations in findings.

Bone turnover and bone structure
Human studies

This section includes three studies examining the effects of DPP-
4is on bone health in people with T2D.

Effects of vildagliptin on bone markers. A RCT investigated the
effects of vildagliptin, a DPP-4i, on bone markers.®? The study
found that 1 year of vildagliptin exposure did not result in any
significant changes in postprandial serum CTX concentrations
(@ marker of bone resorption) compared to pretreatment levels.
Similarly, fasting serum ALP, calcium, and phosphate were also
unaffected by 1 year of vildagliptin treatment. These results sug-
gest that vildagliptin did not have a substantial impact on bone
resorption markers or bone metabolism in the studied
population.

Association of plasma DPP activities with bone health. A human
study reported that elevated plasma DPP activities were associ-
ated with a higher proportion of osteoporosis/osteopenia in
people with newly diagnosed T2D.°? While not directly linked
to DPP-4i use, this finding suggests a potential relationship
between DPP activity and bone health in people with T2D. Ele-
vated DPP activity may be an indicator of underlying mecha-
nisms that could influence bone health, warranting further
investigation.

Trabecular Bone Score (TBS) and BMD in DPP-4i users was esti-
mated by a retrospective study with T2D.°"V They found that
exposed to DPP-4is had a higher TBS which is an index of bone
microarchitecture. However, the BMD increased in both DPP-4
exposed and unexposed groups, with no significant differences
between the groups. The study suggests that DPP-4i use might
be associated with improved trabecular bone microarchitecture,
but it did not show a significant difference in BMD between DPP-
4i users and non-users.

Overall, the findings from these studies suggest that DPP-4i
use might have some effects on bone health in people with
T2D, but the evidence is still limited and inconclusive.

Animal studies

This section includes several animal studies investigating the
effects of various DPP-4is on bone health in different diabetic
animal models.
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The effects of linagliptin on bone health were observed in dia-
betic mice. In a mouse study using a high-fat diet to induce
diabetes, impaired bone microarchitecture, reduced BMD, and
altered bone turnover biomarkers were observed.? Treatment
with linagliptin alone and in combination with metformin signif-
icantly improved bone architecture, BMD, and bone turnover
biomarkers. However, metformin alone did not show significant
improvement in bone health. The results suggest that linagliptin,
especially when used in combination with metformin, positively
modulates bone health in diabetic mice.

The effects of vildagliptin, pioglitazone, and sitagliptin on
bone health were studied in diabetic rats. A 5-week study in male
Zucker Diabetic Fatty (ZDF) rats used different treatment groups,
including vildagliptin, pioglitazone, and their combination.®?
The pioglitazone group showed decreased osteocalcin levels
and increased TRACP 5b, indicating impaired bone metabolism.
The results suggest that pioglitazone adversely affects bone
health in diabetic rats.

A study using Wistar rats reported that sitagliptin-treated dia-
betic animals had significantly lower serum levels of CTX-l
(@ bone resorption marker) compared to untreated diabetic ani-
mals.”® uCT analysis showed that sitagliptin prevented cortical
bone growth stagnation in diabetic rats, resulting in stronger fem-
ora during three-point bending. However, another study in T1D
rats reported that sitagliptin administration did not reverse the
negative effects of T1D on bone indices, such as trabecular num-
ber and thickness.®¥ Additionally, the study on ZDF rats reported
that vildagliptin treatment significantly increased BMD and tra-
becular bone volume. The combination therapy restored BMD, tra-
becular bone volume, and trabecular bone thickness, which were
otherwise decreased by pioglitazone alone.® Furthermore, the
study using Wistar rats reported sitagliptin prevented cortical
bone growth stagnation in diabetic rats assessed by micro-CT,
resulting in stronger femora during three-point bending.>

Lastly, the effects of DPP-4i co-administration with LPS in mice
was studied and resulted in a lower osteoclast number and

decreased bone resorption compared to LPS administration
alone.®® This suggests that DPP-4i may have a protective effect
on bone resorption during inflammatory conditions.

Overall, animal studies provide valuable insights into the
effects of various DPP-4is on bone health in different diabetic
animal models. Linagliptin,®® especially when used in combina-
tion with metformin, showed positive effects on bone health,
improving bone architecture and turnover. Sitagliptin showed
mixed results.©>~°¥

Cell studies

A combined in vitro and in vivo rat study in diabetes induced by
a high-fat diet and streptozotocin reported that cell growth was
disturbed while both the abnormal macrophage polarization
and the endothelial impairment in diabetes were significantly
alleviated by sitagliptin.°” Additionally, DM animals showed
angiogenesis inhibition and poor bone formation on the bone-
implant interface, which were significantly ameliorated by sita-
gliptin treatment.

To summarize, the consensus from most studies suggests that
the use of DPP-4is does not increase the risk of fractures. Some
studies observed slight decreases in fracture risk with certain
subtypes of DPP-4is, although differences exist. However, it's
important to consider that the choice of comparator drugs, the
duration of follow-up, and the specific indications for prescribing
the drug being compared to the comparator might influence the
findings.

Discussion

GLP-1-RAs

In general, the studies included in this review indicate that GLP-1
RAs have a neutral to positive effect on bone health in people
with and without T2D, whether for blood glucose regulation or

Insulin
secretion A

Progenitor/immature
osteoblast

Bone marrow
mesenchymal stem cell

. Collagen fibers-

Mature osteoblast

Fig. 2. Potential mechanistic incretin-mediated bone formation. (1) Dipeptidyl peptidase 4 inhibitors (DPP-4i) and glucagon-like peptide 1 receptor ago-
nist (GLP-1 RA) administration results in increased GLP-1 activity. (2) GLP-1 increases insulin secretion, resulting in anabolic effects on bone. (3) GLP-1 binds
to receptors on premature osteoblasts and stem cells inducing osteoblast proliferation. (4) This increases Runx2 gene expression (among others), resulting
in activation of Wnt pathway and osteoprotegerin (OPG)/Receptor Activator of NF-kB (RANK)/RANK Ligand (RANKL) ratio. (5) OPG acts as decoy receptor
on RANKL, decreasing osteoclast activity and bone resorption. (6) In diabetes, GLP-1 may have potential to restore imbalance in collagen crosslinks by

changing phosphate/amide ratio.
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weight loss therapy. Most of the presented studies describe a
potential positive impact on bone health, as evidenced by vari-
ous correlations observed in cell and animal studies. However,
it should be noted that a definitive causal relationship demon-
strating positive effects on bone health in humans has yet to
be established.

GLP-1-RAs might prevent bone loss during weight loss
assessed by evaluation of bone turnover markers, bone mass,
and bone microstructure. The mechanism behind the positive
effects of GLP-1 on bone has been discussed widely in several
systematic and narrative reviews. There have been suggestions
of a direct effect on osteoclasts and osteoblasts through intracel-
lular signaling pathways®®°? or indirect effect on bone cells
through thyroid c cells and calcitonin-dependent inhibition of
bone resorption.°? Moreover, a potential incretin-mediated
decrease of the chronic inflammation in T2D, which is believed
to negatively modify bone tissue by nonenzymatic glycosylation,
mineralization imbalance, and bone microdamage, has been
suggested.®® See Figure 2 for an overview of the cellular mech-
anisms. However, human studies including T2D people are
scarce, and this includes diverse endpoints, making it difficult
to compare findings and draw reasonable conclusions. In T2D,
BMD measurements do not sufficiently predict low bone quality.
The clinical presentation of bone fragility is fractures, which are
therefore, the most favorable outcome measure in people with
T2D. No detrimental effects with GLP-1 RAs were reported on
the risk of fractures, although results were inconsistent, with het-
erogeneity between studies regarding people, study time, and
comparison drugs. However, fracture assessment requires long-
term follow-up, making it challenging to conduct intervention
studies for assessment. Consequently, more sophisticated
methods have emerged, i.e, HR-pQCT and microindentation.
Several studies reported a positive effect on trabecular bone
microstructure but no effect on cortical bone. However, these
studies were primarily on rodents without T2D. It has been sug-
gested that people with T2D have a compromised cortical bone
structure expressed as a higher cortical porosity, making these
results even more challenging to interpret."°"'%? Human trials
that include people exposed to GLP-1 RAs have suggested that
GLP-1 may prevent an otherwise expected decrease in hip
BMD during significant weight loss. However, only one of the
included studies evaluated microarchitecture by HR-pQCT, and
no differences were observed. None of the identified human
studies evaluated bone strength by microindentation. Although
results were inconsistent, most animal studies suggested an
improved or no effect on bone strength after GLP-1 RA therapy.
Collectively, human studies of bone health in response to GLP-1
RA treatment are limited and trials including T2D people are war-
ranted. As the validity of BMD and the cut-off value for the oste-
oporosis diagnosis with a T-score of —2,5 SD has been
questioned in people with T2D, we propose that state-of-the-
art future research be conducted to focus on the assessment of
bone indices using more advanced techniques, e.g., HR-pQCT
and microindentation.

However, in addition, studies that differentiate between dif-
ferent phenotypes of T2D with a focus on hard endpoints like
fracture risk, fracture localization, and potential risk reduction
during longer-term follow-up. Additionally, it is worth noting
that not everyone may experience the beneficial effects of
GLP-RA therapy (approximately 10% to 15%), while others may
experience significant and rapid weight loss and improved blood
glucose control (in the case of T2D only), which raises questions
about whether similar effects on bone health are maintained.!'®>

Furthermore, most studies on GLP-1 RAs and weight loss are
conducted in conjunction with exercise and dietary advice. Exer-
cise has a positive effect on weight maintenance by preserving
muscle mass and overall benefits bone tissue."'®” Therefore,
robust evidence is needed regarding the impact on body com-
position. Moreover, the specific doses or dose-response effects
of GLP-1 RAs on bone health have not been thoroughly investi-
gated, especially when considering the higher dosages used
for weight loss compared to the treatment of T2D.

New therapies involving incretin hormones are emerging,
such as combinations of GLP-1-RA and GIP or even with
glucagon.'%71%” Consequently, the modern-day treatment
approach utilizing incretin hormones for both weight loss and
T2D is still in its early stages. Therefore, this topic is complex,
and the current evidence supports a neutral or even a positive
effect of incretin hormones on bone health. The crucial question
that remains is whether GLP-1 RAs represent a novel treatment
for osteoporosis or merely a supplementary option for future
strategies.

DPP-4is

DDP4is exhibit effects similar to those of GLP-1 RA therapy but
are considered less effective at regulating blood sugar levels
and have fewer side effects due to their indirect mechanism of
action. It is important to note that DPP-4is are only prescribed
to people withT2D and are not approved for weight loss. They
are typically used in combination with other antidiabetic drugs
and are rarely prescribed as monotherapy. Consequently,
GLP-1 RA drugs are generally regarded as superior to DPP-4is.

Existing evidence indicates that DPP-4is are neutral for bone
health, as they do not increase the risk of fractures and may even
have some positive effects on bone structure. However, further
human studies are necessary to gain a clearer understanding of
the impact of DPP-4is on bone turnover, bone structure, and
fracture risk. Future research should include longer-term
follow-up and comparisons with other antidiabetic medications
to better comprehend the role of DPP-4is in promoting bone
health.

Although DPP-4is have their place in the treatment of T2D,
their potential as a weight loss drug or their overall efficacy
should be considered limited when compared to the numer-
ous beneficial effects of GLP-1 RAs and potential future
combinations.

Conclusion

Based on this systematic review, existing evidence is yet insuffi-
cient to support a positive or superior effect on bone health to
reduce fracture risk in people with T2D. Collectively, incretin
treatment is a potential therapeutic strategy for fracture preven-
tion in people with T2D, but further evaluation is needed.
Acknowledgement of T2D as an independent risk factor for
osteoporosis-related fractures, and the potential beneficial
effects of incretins could encourage future T2D guidelines to
include fracture risk assessment in the treatment algorithm for
the choice of glucose-lowering drug. However, further, larger,
and more thorough clinical trials are necessary to investigate
changes in bone indices and fracture risk after incretin treatment
to confirm any potential advantageous effects on bone health in
people with T2D.
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Perspectives

Ideally, large-scale RCTs are needed, focusing on fractures as pri-
mary outcomes or using BMD as a proxy measure. Many existing
RCTs did not prioritize fractures as the main outcome and had
limitations in terms of duration, which may not capture changes
in fracture risk adequately. Additionally, considering the diverse
patterns of fracture risk in T2D and its different phenotypes, it
becomes necessary to study subtypes of fractures rather than
overall fracture risk. The interaction between T2D type and frac-
ture risk also needs exploration, as factors such as body weight,
insulin, insulin resistance, and metabolic control could poten-
tially modify fracture risk. Moreover, reports on BMD from exist-
ing RCTs are scarce. However, considering that the excess
fracture risk in T2D is limited and declining, conducting large-
scale RCTs with fractures as primary outcomes might not be fea-
sible. Instead, studies should preferably focus on high-risk
groups, including people with prior fractures, low BMD, and
severe insulin resistance, for example, as well as those with poor
metabolic control.

Furthermore, there is a need for research investigating the
impact of incretin-mediated effects on bone health and loss in
obese and overweight people. This area of study holds particular
interest because bariatric surgery has been associated with an
increased risk of fractures.('%10%
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